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ABSTRACT 
Cryopreservation of fish embryos was studied using zebrafish embryo as a 
model system. Cryoprotectant toxicity, chilling sensitivity and embryo 
membrane permeability were investigated with a view to developing optimum 
protocols for cryopreservation of the embryos using controlled slow cooling, 
non-freezing storage and vitrification. Methanol was found to be the most 
effective cryoprotectant for controlled slow cooling and non-freezing storage of 
zebrafish embryos with 11 %heart beat stage embryos surviving after controlled 
slow cooling to -25°C. Zebrafish embryos were found to be very chilling 
sensitive with early developmental stages being the most sensitive to chilling 
injury. Embryo developmental stages after closure of the blastopore (>12-h), 
especially post heart beat stages were much more resistant to cryoprotectant 
toxicity and chilling injury. Heart beat stage (27-h) embryos proved to be the 
best embryo developmental stage for controlled slow cooling and non-freezing 
storage. Dechorionated embryos are more sensitive to cryoprotectant toxicity 
and chilling injury. The sensitivity to chilling injury of zebrafish embryos limited 
the use of controlled slow cooling and non-freezing storage for long term 
cryopreservation. The attempts at cryopreservation of zebrafish embryos using 
vitrification produced no embryo survival, although up to 32 % embryos 
remained morphologically intact immediately after vitrification. Poor 
cryoprotectant permeation, dehydration and consequently ice formation within 
the egg are probably the main factors on effecting embryo survival. The results 
of zebrafish embryo permeability studies demonstrated that the chorion of the 
embryos was permeable to water and cryoprotectants, whilst the vitelline 
(plasma) membrane was an effective permeability barrier. The inability to 
achieve sufficient penetration of the vitelline membrane by cryoprotectants poses 
severe problems for long term cryopreservation, which need to be overcome, 
possibly by permeabilisation of the vitelline membrane, before successful 
cryopreservation can be achieve. 
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Chapter 1: Introduction 
Cryopreservation is a technique by which viable cells, tissues, and even 
organisms can be sustained for extended periods. Effective cell conservation 
requires that changes in genetic material of the cells concerned are prevented, 
and that the required patterns of gene expression are reliably reproduced in 
recovered material. In conventional cryopreservation, a level of stability is 
imposed on the system by ultra-low temperatures (below -130 °C), and storage is 
at, or close to, -196°C using liquid nitrogen (or the vapour immediately above 
it), as a practical and convenient cryogen. At such a temperature, normal cellular 
chemical reactions do not occur as kinetic energy levels are too low to allow the 
necessary molecular motion (Grout et al., 1990). 
Cryopreservation of fish gametes, eggs or embryos with successful retention of 
viability would open new perspectives in fish culture as well as in the 
management of wild stocks; it would provide useful method for conservation of 
valuable species; and cryopreserved embryos could also be of use in 
ecotoxicological testing. For more than a century (Quartrefages, 1853), scientists 
have investigated methods to preserve viable gametes of fish. Studies in 19505 
were directed at prolonging the life of gametes in a frozen state (Barrett, 1951; 
Henderson and Dewar, 1959). Later research was focused on developing 
cryoprotective techniques for frozen storage of viable spermatozoa (Horton and 
Ott, 1976; Erdahl and Graham, 1980) and now cold storage offish spermatozoa is 
well documented (Harvey et al., 1982; Piironen and Hyvarinen, 1983; Sclunidt­
Baulain and Holtz, 1989). However, relatively little work has been published on 
fish eggs and successful cryopreservation of fish embryos still remains elusive. 
The aim of this investigation is to develop cryopreservation techniques for 
preservation of fish embryos. 
This Chapter presents a review of the current status of embryo and fish embryo 
cryopreservation together with notes on the different approaches that have been 
adopted. Particular attention is given to zebrafish embryo studies since embryos 
of this species were chosen as a model system for the laboratory investigations 
described in later Chapters. 
1 

1.1 Freezing damage 
For more than 40 years the generally accepted theory of freezing damage has 
been that proposed by Lovelock (1953a, b, 1954) who suggested, on the basis of 
freezing red blood cells, that much of the damage could be accounted for by the 
increased salt concentration, particularly electrolytes, in the unfrozen aqueous 
fraction during 'slow' cooling, prior to the separation of sodium chloride at its 
eutectic temperature. This temperature is, in theory, about -21 ec, but in practice 
it is often 10 degrees or more lower than that predicted from phase diagrams 
(Ashwood-Smith et al., 1988). An increased concentration of solutes (and changes 
in pH) might damage cells by direct attack upon the cell and there is the 
possibility of transmembrane transport of solute species driven by their now 
very abnormal extracellular concentration. During 'rapid' cooling the cells do not 
have time to shrink but are damaged by the presence of intracellular ice. 
Meryman and his associates proposed the 'minimum cell volume theory' to 
account for cellular damage associated with freezing and thawing (Meryman et 
aI., 1977; Williams and Shaw, 1980; Clegg et al., 1982). This, like Lovelock's 
theory, proposed that high salt concentration during freezing was important, but 
differed in suggesting that salt concentration was indirectly responSible for 
damage, with high extracellular osmolarity causing cells to be desiccated beyond 
their limit, that is shrunken below their "minimum cell volume" and thus were 
destroyed. Steponkus et al. (1981) emphasised that injuries to biolOgical cells 
during a freeze-thaw cycle were due to a sequence of potentially lethal stresses 
rather than one single stress. 
Farrent (1977) discussed the hypothesis that the damage or survival of living 
cells during freezing and thawing is primarily linked to bulk water transport 
across cellular membranes. According to Farrent the survival of living cells that 
have been stored at very low temperatures is determined in a large part by the 
transport of water across cell membranes. There are several ways that the 
transport of water can affect the extent of cellular injury. If transport alters the 
amount of water in the cell and the volume of the cell before the stresses of 
cooling and re-warming, this can have a fundamental effect on cell survival. In 
addition, the transport of water into and out of the cell can itself be damaging 
both during cooling and re-warming and also in the post-thaw recovery period. 
In the temperature range in which damage occurs (0 to -60 ec), the extent and 
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direction of water movements are controlled by the occurrence and amount of 
extracellular and intracellular ice during a particular freezing and thawing 
schedule. 
1.1.1 Extracellular ice 
Freezing of a cellular suspension usually originates outside the cell by a process 
of heterogeneous nucleation. If cryoprotectives are present there is some 
depression of the melting point but the major physical effect that is relevant to 
cell survival is that less ice is formed in the system during freezing (Lovelock, 
1953). It is unlikely that cells are injured by extracellular ice crystals disrupting 
their membranes since studies show that extracellular ice is perfectly compatible 
with cell survival (Nei, 1970; Farrant, 1977; Griffiths et aI., 1979). Two indirect 
sources of potential damage during slow freezing are, first a direct attack on the 
cell membrane by the increased concentration of extracellular solutes and second 
the osmotic effect on the cell of the high concentration of solutes (Meryman, 
1968; 1974). 
1.1.2 Intracellular ice 
When cells are cooled rapidly in one step to a very low temperature (e.g. -196 
°C), both the extracellular and intracellular compartments will supercool. Even if 
freezing begins outside a cell before it does inside there will be insufficient time 
for any significant amount of intracellular water to leave the cell osmotically 
before the intracellular water freezes. Intracellular water can freeze either by 
nucleation within the cell or by the penetration of ice crystals through the cell 
membrane from the extracellular environment (Farrant, 1977). Data from many 
studies including Asahina et al. (1970) and Mazur (1977) suggest that formation 
of intracellular ice during freezing correlates with the death of the cells. 
There is strong evidence that some cells survive intracellular freezing providing 
that thawing is extremely rapid, especially over the temperature range of -30 to 0 
°C (Asahina et al., 1970; Shimada and Asahina, 1975; Griffiths et al., 1979). If 
thawing over part of this temperature zone is done slowly, cells are killed and 
this destruction is accompanied by observations of the recrystallisation of ice 
from the small crystals, produced during rapid cooling, to larger crystals 
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(Shimada and Asahina, 1972). The idea that damage is caused by the large 
crystals formed by recrystallisation during thawing has been put forward by 
several workers (Rapatz and Luyet, 1963; Moor, 1964; Nei and Asada, 1972; 
Bank, 1973). Apart from the presence of intracelullar ice and the size of each 
crystal, the total amount of ice is another factor that may be relevant to cell 
survival (Farrant, 1977; FUjikawa and Miura, 1986). Certain physical factors such 
as pressure changes and formation of gas bubbles may also be involved in the 
destruction of cells (Schneider and Mazur, 1987; Ashwood et aI., 1988). 
1.2 Cryopreservation of embryos using controlled slow freezing 
'Controlled slow freezing' evolved from research during the 19505 to 1970s. Since 
the first report of normal offspring from cryopreserved mouse embryos in 1972 
(Whittingham et al. 1972), basic and applied research has yielded similar success 
with 13 other species of mammals and 3 invertebrate species by controlled slow 
freezing, namely, cattle (Wilmut and Rowson, 1973), rabbit (Bank and Maurer, 
1974), sheep (Willadsen et al., 1976), rat (Whittingham, 1975), goat (Bilton and 
Moore, 1976), horse (Yamamoto et al., 1982), eland (Kraemer et al., 1983), human 
(Trounson et al., 1983), baboon (Pope et al., 1984), marmoset (Summers et al., 
1986), cynomolgus monkey (Balmaceda et al., 1987), cat (Dresser et al., 1988), pig 
(Hayashi et al., 1989), fruit fly (Drosophila melanogaster) (Steponkus et al., 1990), 
sea urchin (Hemicentrotus pulcherrimus) (Asahina and Takahashi, 1978) and 
marine rotifer (Brachionus plicatilia) (Okamoto et al., 1987). 
Controlled slow-freezing procedures are characterised by: (1) the addition of 
molar concentrations of dimethyl sulfoxide (DMSO), glycerol or other 
cryoprotectants to the cell suspension; and (2) the use of a controlled freezing to 
the storage temperature. The basic steps required to preserve embryos by this 
approach are: collect and assess embryo quality; equilibrate embryos in a 
solution containing molar concentrations of a cryoprotective solute; freeze 
embryo suspension using controlled cooling to temperatures below -130°C; low 
temperature storage at -196 °C; warm and thaw embryo suspension using 
controlled conditions; remove cryoprotective solute from embryo suspension; 
return embryos to normal physiological conditions (RaIl, 1993). 
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Factors commonly considered in embryo cryopreservation are cryoprotectant 
concentration, equilibration time, embryo development stage, seeding 
temperature, cooling rate, holding period, thawing methods, and the post-thaw 
fertility of frozen cells (Whittingham, 1980). All these factors must also be 
considered in fish embryo cryopreservation. 
1.2.1 Cryoprotectants used for fish gamete and embryo cryopreservation 
The factors most frequently modified to achieve the desired freezing protocol are 
the variation of cooling and warming rates and the addition of different 
cryoprotective agents. The role of the protectants is to protect cells from the 
diversity of damage that might arise from osmotic stresses in the presence of 
extracellular ice and to prevent the formation of injurious intracellular ice. 
Developments in the cryopreservation of fish sperm and embryos depended 
upon the identification and testing of suitable cryophylactic agents. Glycerol was 
first reported as effective in protecting sperm from freeze-thaw damage by 
Rostand (1946) and Polge et al. (1949). The cryophylactic properties of DMSO 
were first reported by Lovelock and Bishop (1959) who found the compound 
had an toutstanding' rate of penetration of bovine red blood cells. Since then it 
has been proven to be the most effective protective agent for the 
cryopreservation of salmonid sperm (Gregory, 1968; Ott and Horton, 1971a; 
Harvey and Ashwood-smith, 1982; Wheeler and Thorgaard, 1991). Although 
glycerol and DMSO predominate as cryoprotectants, ethanediol (ethylene glycol) 
(Robertson et al., 1988), methanol (Harvey et al., 1982), sodium chloride (Craig 
and Powrie, 1988), sucrose (Wang et ai., 1987) and glucose (piironen and 
Hyvarinen, 1983; Gwo et al., 1991) have also been used. 
1.2.1.1 Mechanisms of cryoprotectants 
An important characteristic of the more commonly used low molecular weight 
cryoprotectants like methanol, glycerol and DMSO is that they penetrate the cell 
membrane. These cryoprotectant agents produce a considerable freezing point 
depression in addition to that of the electrolyte present within the system, 
eventually leading to a ternary (cryoprotectants-salt-water) eutectic pOint at a 
low temperature (Shepard et at., 1976). In a freezing system, total solute 
concentration in the unfrozen phase is uniquely determined by temperature. 
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Hence, the inclusion in the system of e.g. DMSO necessarily results in a decrease 
in concentration of other solutes. As the increasing salt content of the residual 
liquid is the main cause of so-called 'effect injury' (Mazur, 1965) both the 
reduction of damaging salt enrichment and its shift to lower temperatures are 
believed to be beneficial effects. This explanation of cryoprotective properties is 
also called osmotic buffering. Since high molecular weight additives do not 
penetrate the cell membrane, their primary influence must be limited to the 
extracellular suspension medium and/or to the outer surface of the 
plasmalemma. For this reason, high molecular weight agents are sometimes 
referred to as extracellular additives (Korber et al., 1985). Cryoprotective agents 
do not protect against intracellular freezing, they protect only against slow­
freezing injury (solution effects) (Mazur, 1977; Farrant, 1980). 
1.2.1.2 Cryoprotectant penetration 
Conventional cryopreservation protocols require the introduction of permeating 
cryoprotectants into cells and the efflux of water from cells during freezing of 
the extracellular medium. The plasma membranes of fish embryos are effective 
natural barriers to desiccation. The study of Harvey and Ashwood-Smith (1982) 
on cryoprotectant penetration and supercooling in the eggs of salmonid fishes 
showed that for three protective agents tested - glycerol, methanol and DMSO, 
onl y methanol penetrated to any significant extent; and even then the limit 
reached after 120 min at 0 °C was only 22.9 % of the equilibrium level expected 
on the basis of the concentration of labelled additive in the extracellular solution. 
The degree of penetration was only a few percent greater at the normal ambient 
temperature of developing eggs in the wild (6 - 7°C) than at 0 °C and was little 
different for two species of salmon, namely Oncorhynchus keta and Oncorhynchus 
kisutch. The study of Harvey et aI. (1983) on permeability of intact and 
dechorionated zebrafish embryos to glycerol and DMSO showed that glycerol 
penetrated more rapidly than DMSO, and after 2 h the degree of glycerol 
permeation was roughly three times that of DMSO, but the absolute value for 
glycerol remained low - roughly 8 %of the expected equilibrium leveL 
1.2.1.3 Toxicity of cryoprotectants 
Cryoprotective agents can protect living cells from massive distortions of cellular 
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and environmental geometry, and chemical composition that accompany 
freezing and thawing, but extensive evidence now suggests that a variety of 
cryoprotectants can actually induce injury during freezing (Fahy, 1986; Arnaud 
and Pegg, 1988; Pegg and Arnand, 1988; Fahyet aI., 1990). Based on the available 
evidence, it appears that the key factor is the influence of a cosolvent on the 
stability of a protein - whether the cosolvent is excluded from or binds to the 
protein. Preferential exclusion of the cosolvent results in stabilisation of the 
protein, whereas preferential binding can result in protein denaturation 
(Arakawa et al., 1990). Preferential interaction measurements have been carried 
out for a number of proteins in a variety of cosolvent systems. Table 1.1 
summarises those compounds (group 1) that have been shown to be excluded 
preferentially from the surface of proteins at 20°C and are also known to 
stabilise proteins in non-frozen, aqueous solution. It is clear that compounds that 
are preferentially excluded from the protein stabilise it in solution. 
Fahy and co-workers (Fahy, 1984; Fahy et al., 1990) have amassed a convincing 
body of evidence that the basis for the detrimental effects of cryoprotectants is 
not simply osmotic, but due to direct 'biochemical' injury. Injuries such as 
inactivation or denaturation of specific enzymes, disruption of transmembrane 
ionic pumps, or other related perturbations of cellular structure and function, by 
implication, are most likely due to the direct interaction of the cryoprotectant 
with proteins and biolOgical membranes. Table 1.2 summarises a variety of 
observations gleaned from the literature which provide useful clues to the nature 
of cryoprotectant toxicity. 
Fahy (1983) found that the addition of cryoprotectant toxicity neutralisers (urea, 
formamide, or acetamide) into DMSO before freezing substantially reduced the 
freezing damage observed after thawing. DMSO appears to interact with the 
lysine-rich control enzyme for gluconeogenesis, fructose diphosphatase, 
producing an effective block on glycolysis after DMSO is removed. 
Cryoprotectant toxicity neutralisers such as urea, formamide, and acetamide 
might be able to compete with the enzyme lysine residues for DMSO binding 
(Baxter and Lathe, 1971). 
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Table 1.1: Properties of Cryoprotectants (from Arakawa et al., 1990). 
Cosolvent 
Sugar (sucrose, glucose, 

lactose) 

Amino acids (glycine, alanine, 

serine, proline, sodium 

glutamate, lysine Hel, y­
aminobutyric acid) 

Glycerol 

Polyols (xylitol, mannitol, 

inositol, sorbitol) 

Amines (betaine, sarcosine, 

trimethylamine, N-oxide) 

Salts (phosphates, Na acetate, 

MgS04r NaCI, (NH4hS04r 

Na2S04) 

Ethanediol 

Polyethylene glycol 

2-Methyl-2,4-pentanediol 

DMSO 

Mechanism of exclusion 

Group 1 

Surface tension increase 

Surface tension increase 
Solvophobicity 
Cohesive force on water 
Cohesive force on water 
Surface tension increase 
Group 2 
Cohesive force on water 
Sterk exclusion 
Repulsion from charges 
Affinity with water 
Effect in solution 
Stabiliser 
Stabiliser 
Stabiliser 
Stabiliser 
Stabiliser 
Stabiliser 
Destabiliser 
Destabiliser 
Destabiliser 
Destabiliser 
1.2.2 Embryo development stage considered in cryopreservation 
The choice of embryonic stages is an important factor in fish embryo 
cryopreservation. Some embryOnic stages are less sensitive than others to the 
toxicity of the cryoprotectants and freezing damage. Harvey and Chamberlain 
(1982) found that water permeability of zebrafish embryos increased several fold 
between early cleavage stages and closure of the blastopore, and that 
permeability was greatest during epiboly. Therefore gastrulating embryos were 
chosen for freezing experiments, but the experiments showed limited success. 
Embryos at stages after closure of the blastopore (i.e. tail bud stage) proved the 
best stage for cryopreservation of common carp (Zhang et al., 1989) and red 
drum (Robertson et al., 1988). 
8 

Table 1.2: Phenomena possibly related to mechanisms of cryoprotectant 
toxicity (adopted from Fahy et ai., 1990). 
Cryoprotectants 
D, PG, G, F 
PG 
D,PG 
D 
G 
D 
D,G 
D 
D 
K 
D 
D, G, S 
F, A, D, G, EG, 13P 
EG 
D 
EG 
EG, G, D, F, V 
EG, PG, D, F, A 
A 
EG 
G 
PG 
o 
D 
Observed effects 
Polymerise tubulin, alter meiotic spindle1 
Alters actin interaction 
Induces low frequency aneuploid or mixed ploidy2 
Induces cysteine cross linking to form cystine3 
Large amounts accumulate as L-glycerol-3-phosphate4 
Immediately reacts with triterpenoids and steroids at 
25°C 
Induce protein-free membrane blisters 
Permeabilises or lyses plasma membranes 
May permeabilise lysosomal membranes 
Induce La to Lb and Hn membrane lipid phase 
transition 
Elevates phase transition temperatures of selected 
lipids 
Induce cell fusion 
Alter genetic expression 
Alters RNA pOlymerise6 
Causes changes in conformation of chromatin and DNA 
in viable cells7 
weakens DNA-nucleosome bindingS 
Destabilise nucleic acid duplexes9 
Enhance solubility of DNA bases (destabilise DNA) 
Hydrogen bonds to adenine moiety of 51-AMP 
Impairs ribosomal subunit reassociation after removapo 
Activates low molecular weight acid phosphatasell 
Preferentially binds to bovine serum albumin 
Elevates lactate: pyruvate ratio12 
Causes reversible single strand breakage in renal 
DNA13 
Note: D, DMSO; EG, ethanediol; G, glycerol; PC, propane-1,2-dioli A, acetamide; 

V, urea; P, formamide; 13P, propane-l,3-diol; S, sorbitol; K, all 'kosmotropic' 

(structure-making, stabilizing) solutes. 

1 Van Der Blst et al., 1988,2 Van Der Blst et al., 1989,3 Snow et al., 1975, 4 Sestoft 

and Fieron, 1977, 5 De Bruijne and Van Steveninck, 1969, 6 Brody and Leautey, 

1973, 7 Reboulleau and Shapiro, 1983, 8 Schwartz and Fasman, 1979, 9 Hickey 

and Turner, 1985, 10 Fox et al., 1978, 11 Tanizaki et al., 1977, 12 Ghosh et al., 1976, 

13 Walles and Erixon, 1984. 
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1.2.3 Cooling rate 
Increasing values of cooling rate and extracellular supercooling progressively 
inhibit cellular dehydration during freezing (Schwartz and Diller, 1983). Rapid 
cooling during freezing does not allow significant osmotic shrinkage of the cells, 
and the water becomes progressively more and more supercooled until 
intracellular freezing occurs. A rapidly cooled cell before thawing is, therefore, 
generally un-shrunken and contains intracellular ice, which results in most cells 
being killed on thawing (Farrant, 1980). Under conditions of ultra-rapid cooling, 
that is at rates several orders of magnitude greater than those that just prevent 
cell shrinkage, it is possible to cool so fast that ice nuclei will not form (Morris, 
1975). This procedure is called vitrification (section 1.3). 
During slow cooling, prolonged exposure to conditions allowing shrinkage can 
also kill cells. Exposure to increased concentrations of extracellular solute due to 
removal of extracellular solvent as ice is considered to be the main cause of cell 
injury. Cells may survive the processes of freezing and thawing if cooling is slow 
enough that intracellular ice may not form and yet rapid enough that the cells 
are not damaged by excessive exposure to high concentrations of solutes or by 
shrinkage. The quantitative value of a suitable rate of cooling can be computed 
from the physicochemical differential equations that determine the driving force 
for efflux and the rate of water loss in response to the driving force (Mazur et aI., 
1984; Mazur, 1990). The optimum rate of cooling for any cell type is determined 
by its permeability to water and surface area to volume ratio (Morris, 1982). 
1.2.4 Holding period at sub-zero temperatures 
The protective effect of cell shrinkage before intracellular freezing was 
considered (Farrant, 1977) since water transport may be involved in the damage 
to living cells containing intracellular ice during freezing and thawing. Loss of 
cell water can be induced by holding the temperature below zero for a fixed time 
(two-step freezing) providing that intracellular ice does not form before the 
holding temperature is reached. The two-step freezing technique is effective for 
preservation of spennatozoa (polge, 1957), erythrocytes (Rapatz and Luyet, 
1973), and lymphocytes (Farrant et aI., 1974). However, the study of Harvey 
(1983) on cooling of zebra fish blastoderms to -196°C showed that, when 
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embryos were cooled to -25°C and held at that temperature for varying periods 
followed by a cooling rate of 0.5 °C and a warming rate of 43 ec, survival 
actually decreased as holding time increased. 
1.2.5 Thawing rate 
Small ice crystals in rapidly cooled cells will grow or agglomerate if warming is 
slow enough to permit sufficient time for this to occur and this can be lethal 
(Mazur, 1966). Rapid thawing generally improves survival (Farrant, 1980), and 
Shimada and Asahina (1975) have shown that some cells with intracellular ice 
can survive if thawed very rapidly. It was also shown that cells cooled at rates 
faster than the optimal rate which favours intracellular ice formation are more 
sensitive to a decrease in the rate of thawing than are slowly cooled cells (Mazur 
et al., 1969; Leibo et al., 1970). Rapid warming results in complete thawing of the 
suspension before significant embryo rehydration (RaIl, 1993). 
However, there are instances in which slow thawing gives much higher survival 
than rapid thawing. The study of Zhang et al. (1989) study on the 
cryopreservation of common carp (Cyprinus Carpio) embryos showed that 
optimum survival of the common carp embryos required warming at a slow rate 
(8 eC/min), since faster rates killed the embryos. Ashwood-Smith (1980) and 
Farrant (1980) suggested that injury caused by rapid thawing was possibly due 
to the presence of a small amount of intracellular ice which seals the cells and 
results in osmotically induced damaging water movements during the initial 
part of thawing. Another pOSSibility suggested was that injury is brought about 
during rapid thawing by transmembrane movements of solutes, including the 
cryoprotective agent itself, although this is harder to relate to the protection 
afforded by a small amount of intracellular ice. Vorotilin et al. (1991) suggest 
that in the course of rapid heating of a frozen biolOgical system, mechanical 
stresses can affect cells and cause additional damage to them due to the limited 
thermal conductivity of the system. Indeed, thermomechanical stresses were 
shown to contribute to cell injury in the process of rapid thawing, and thus, a 
two-stage thawing of cells was suggested. For the first stage, up to the 
temperature pOint of phase transformation (-100 °C), slow heating is necessary to 
eliminate the damaging effect of thermomechanical stresses in the frozen 
solution. During the second stage, starting from a temperature of -100°C or 
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higher (depending on the composition of cryoprotective medium), rapid 
thawing is required to decrease damage during phase transition. 
1.2.6 Post-thaw handling 
The conditions for either progressive damage or repair of cells after cooling and 
storage are also important in cryobiology (Ashwood-Smith, 1980; Farrant, 1977, 
1980). Studies suggested that repair is an important factor that may be 
augmented by changing post-thaw conditions (Mazur, 1990). Dilution of a 
thawed suspension with isotonic saline usually results in a transient osmotic 
swelling. The initial swelling results from the movement of water into the cell to 
restore osmotic equilibrium with the hypotonic suspension solution. Once 
equilibrium is restored, the cells gradually shrink as cryoprotectants leave the 
cytoplasm. Excessive osmotic swelling is prevented by reducing the 
concentration of cryoprotectant in a series of small steps (Rall, 1993). The 
appropriate step size and interval between steps is determined by the 
permeability of the cell membrane to cryoprotectant and water (Schneider and 
Mazur, 1984). An alternative dilution approach is the so-called sucrose 
procedure (Leibo, 1984). Cells were placed into a saline containing a 0.25 to 1 M 
concentration of an impermeable solute (usually sucrose). The absence of 
cryoprotectant in the suspending solution promotes efflux of cryoprotectant 
from the cytoplasm. The impermeable bathing solute prevents (or reduces the 
transient increase in cell volume because it increases the osmolality of the 
suspending solution. As the cryoprotectant leaves the cytoplasm, the cell 
progressively shrinks due to the hypertonic extracellular solution. Once the 
cryoprotectant leaves the cells, the suspending solution is replaced with isotonic 
saline (Rall, 1993). Robertson et al. (1988) reported that red drum morulae 
exposed to 0.1 M sucrose showed significantly improved hatch and survival 
rates. In the study of Zhang et al. (1989) on the cryopreservation of common carp 
(Cyprinus carpio) embryos using DMSO as cryoprotectant, dilution of the 
cryoprotectant was done in 0.1 M sucrose solution for 5 min at room 
temperature. The study showed some embryo survival after cooling in liquid 
nitrogen 
In conclusion, successful cryopreservation, by controlled slow freezing, is 
strongly influenced by the interactions between many diverse factors (above). As 
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a result, the procedures and conditions of controlled freezing must be adjusted 
on an individual basis to minimise the many diverse sources of injury (RaU, 
1993) for each type of embryos or cell. 
1.3 Cryopreservation of embryos using vitrification 
Recent developments have opened up the possibility that problems associated 
with freezing and thawing cells, tissues and organs might eventually be 
overcome by an alternative approach to controlled slow freezing, namely, 
vitrification. Vitrification is the solidification of a liquid brought about not by 
crystallisation but by an extreme elevation in viscosity during cooling. During 
vitrification the solution is said to become a glass; molecular motions are 
significantly arrested, marking the effective end of biolOgical time but without 
any of the changes brought about by freezing. Cells capable of being vitrified 
need no longer satisfy classical constraints of optimal cooling and warming 
rates, but instead can neatly escape both 'solution effects' injury and the dangers 
of intracellular freezing (Fahy et aI., 1984). 
Vitrification was first successfully used for the cryopreservation of mouse 
embryos in 1985 (Rall and Fahy, 1985). Subsequently it has been applied to the 
preservation of tissues (Armitage, 1986; Jutte et al., 1986), blood cells (Boutron, 
1992), plant somatic embryos Asparagus offidnalis (Uragami et aI., 1989), 
Drosophila melanogaster embryos (Steponkus et al., 1990; Mazur et al., 1993) 
oocytes and embryos of mouse (Hsu et al., 1986; Scheffen et al., 1986; Bielanski, 
1987; Friedler et al., 1987; Kono and Tsunoda, 1987; Rall, 1987; RaIl et al., 1987; 
Nakagata and Douglas, 1989; Shaw and Trounson, 1989; Kasai et al., 1990; 
Valdez et al., 1990; Shaw et aI., 1991), hamster (Critser et al., 1986), rat (Kono et 
al., 1988), rabbit (Smorag et al., 1989; Kobayashi et al., 1990), goat (Yuswiati and 
Holtz, 1990), sheep (Gajda et al., 1989; Schiewe et aI. 1990; Szell et aI., 1990), cow 
(Massip et aI., 1986; Van et aI., 1989; Arav et aI, 1993), pig (Rubinsky et al., 1991), 
and human (Trounson, 1986). Most of these reports have been for mammalian 
systems that have also been successfully cryopreserved by controlled freezing 
methods. However, in one case of Drosophila melanogaster, cryopreservation was 
successful using vitrification, where controlled freezing had failed. 
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Successful vitrification requires optimisation of several steps, and the factors that 
influence the survival of embryos by vitrification include the concentration and 
composition of the vitrification solution, the procedure used to equilibrate 
embryos in this solution, the cooling and warming conditions, and the procedure 
used to dilute embryos from the vitrification solution (RaIl, 1987). Special 
attention is required to establish optimal conditions for equilibration in and 
dilution from the vitrification media. Furthermore the use of vitrification 
solutions with low toxicity appears essential (papis et al., 1991). 
Despite differences in the method used to produce osmotic dehydration, the 
basic steps of vitrification are similar to those of controlled freezing: collect and 
assess embryo quality; equilibrate and dehydrate embryos in a concentrated, but 
non-toxic, solution of cryoprotectants (vitrification solution); vitrify embryo 
suspension by cooling to temperatures below -130°C; low temperature storage (­
196°C); warm and soften glassy solution to obtain the liquid state; immediate 
remove cryoprotective solutes from embryo suspension; return embryo to 
normal physiological conditions. Most of the differences between this and 
controlled slow freezing are related to the need for a vitrification solution 
consisting of one or several cryoprotectants (Rall, 1993). 
1.3.1 Vitrification solutions 
The greatest challenge in developing a successful vitrification protocol is to 
formulate a vitrification solution that satisfies two requirements (Fahy et aZ., 
1984, RaU, 1987): the first is related to the physicochemical properties of the 
vitrification solution - it must be sufficiently concentrated to avoid crystallisation 
during cooling and vitrify into a glassy solid; the second is to match the choice of 
cryoprotectants with the intrinsic permeability and toxicity properties of the cells 
in question. Ideally, at least one of the cryoprotectants in the vitrification 
solution should permeate the cytoplasm, but the overall composition must not 
produce excessive osmotic stress or chemical toxicity (Rail, 1987). 
1.3.1.1 Cryoprotectant interactions 
Since the cooling rates used to achieve vitrification of erythrocytes (i.e., ca. 1()4 
DC/min) (Rapab and Luyet, 1968; Nei, 1976) were clearly not attainable with 
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organs, Pahy and Hirsh (1982) proposed that high concentrations of permeating 
cryoprotectants could be used to achieve vitrification at cooling rates low enough 
to be practicable for organs. Clearly, a cryoprotectant in these circumstances is 
not being used in the conventional sense as a mitigator of slow freezing injury: 
instead they have been selected simply because of their high solubility in water 
and relatively low toxicity to cells at multi-molar concentrations (Armitage and 
Rich, 1990). The beneficial effect of adding solutes is a result of colligative 
depression of both the equilibrium freezing and homogeneous nucleation 
temperatures of the solution and of an increase in the viscosity of the solution at 
any subzero temperature (Mackenzie, 1977). 
Successful vitrification requires the use of highly concentrated mixed solutions 
of cryoprotectants. Different cryoprotectors may interact with one another 
because of different mechanisms of protection or because they protect by the 
same mechanism but via different routes. The study of Kruuv et al. (1990) on 
interactions between cryoprotectors and cryosensitisers showed that low 
concentrations of cryoprotectors act independently until the concentration is 
increased so that competition for the 'freeze-thaw targets' occurs. While the 
standard cryoprotector agents, DMSO, propane-I/2-diol and glycerol interact 
with each other as cryoprotectants, glutamine acts independently when used in 
combination with any of the above cryoprotector agents. If cryosensitisers are 
used, some differences between standard cryoprotectors are observed. Scheffen 
et aI. (1986) found that solutions containing both glycerol and propane-l,2-diol 
proved to be less toxic for rabbit kidney than those containing one of these 
components alone. This demonstrates that a combination of two agents of low 
toxicity can significantly diminish the cryoprotectant induced toxicity. The study 
of Chao et aI. (1992) on toxicity tolerance of oyster embryos and vitrification 
characteristics of selected cryoprotectants showed that the addition of trehalose 
or glucose resulted in reduced toxicity of DMSO and acetamide to 4-hour old 
oyster larvae. 
1.3.1.2 Stability of amorphous state of vitrification medium 
An approach to understanding the action of low molecular weight cryophylactic 
agents is to consider the stability of the amorphous state as proposed by Boutron 
(1978) and coworkers (Boutron et aI., 1982). The amorphous state may be defined 
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by the critical warming rate at which the difference between devitrification and 
melting temperature vanishes. Under such circumstances, ice formation and the 
concomitant damaging salt enrichment are completely avoided during both 
cooling and subsequent warming and it is evident that the more stable the 
amorphous state is, i.e., the lower the critical warming rate, the better the 
cryoprotective action. Fahy et al. (Fahy and Hirsh, 1982; Fahy et al., 1984) studied 
the 'concentration needed to vitrify', which they defined as the minimum 
concentration of a cryoprotectant required to achieve vitrification (Table 1.3). 
The application of 1000 atm pressure reduced the required concentrations of 
cryoprotectants by apprOximately 5 % (w Iv). Meanwhile, Boutron and 
Kaufmann (1979, 1987) investigated non-equilibrium freezing, the stability of the 
amorphous state, and the glass-forming tendency of polya1cohols. He found 
propane-1,2-diol to have better glass-forming properties than many other 
polya1cohols: 45 % (w/w) propane-1,2-diol in water vitrified at rates as low as 10 
DC/min whereas the same concentration of glycerol needed to be cooled at 300 
DC/min to vitrify. These results were in agreement with Sutton's study (1990) on 
time-temperature transformation and continuous cooling curves for propane-1,2­
diol using isothermal emulsion calorimetry. Later, Boutron reported that 35 % 
(w/w) butane-2,3-diol vitrified when cooled at only 20°C/min compared with 
the 200 - 300°C/min required to vitrify the same concentration of propane-l,2­
diol. The studies by Boutron et al. on propane-l,2-diol and butane-2,3-diol 
(Boutron, 1987; 1990; 1992) suggested the possible use of these diols as 
vitrification agents, if one avoids use of the meso-form of butane-2,3-diol, which 
crystallises as a stable hydrate. 
The effect of substitution of propane-1,2-diol by a mixture of propane-1,2-diol 
and butane-2,3-diol in Euro-Collins solution, chosen as a carrier solution for the 
perfusion of rabbit kidneys was studied by Mehl (1992) and the glass-forming 
tendency and stability of the amorphous state were investigated. This study 
showed that the vitrification ability of aqueous polyol solutions was enhanced in 
Euro-Collins solution (containing dextrose, I<H2P04t K2HP04r KCl and 
NaHC03) compared to water, apparently due to the presence of dextrose and 
other salts. The study suggests that Euro-Collins solution will not promote 
crystallisation of the eutectic point. The increases in glass-forming tendency and 
stability of the vitreous state would help in the achievement of the critical 
concentrations needed for vitrification. Up to 20 % propane-l,2-diol may 
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Table 1.3: Concentrations needed to vitrify at 1 and 1000 atm: penetrating 
agentsa,b (from Fahy et al., 1984). 
Agent (s) 1 atm 1000 atm 
QC mC M mC M % %% IQC
w/v w/v Ad 
Individual agents 
Ethanediol 3.3 18 8.9 55 2.6 15 7.9 49 -20 
Propane-l,3-diol 3.1 17 7.5 57 
Glycerol 2.7 15 7.1 65 2.3 13 6.5 60 -15 
DMSO(D) 2.1 12 6.3 49 1.8 10 5.8 45 -14 
Propane-l,2-diol (P) 1.9 10 5.7 44 1.5 8.5 5.1 39 -19 
2,3-dihydroxybutane 1.8 9.9 5.1 46 
TMAAe 1.1 6.0 3.4 41 0.88 4.9 3.0 36 -19 
DMA E-acetatef 1.0 5.7 3.0 45 0.91 5.0 2.8 42 -12 
Mixture agents 
D + formamide (OF) 3.2 18 8.3 56 2.5 14 7.5 50 -20 
(2 mol: 1 mol) 
D + urea (3 g : 1 g) 3.1 17 8.1 59 2.7 15 7.6 55 -13 
D + acetamide (DA) 2.7 15 7.7 53 2.4 13 7.1 49 -14 
(1 mol: 1 mol) 
DA + 10 %P (OAPlO) 2.6 15 7.4 52 
D + propionamide <2.6 <14 <7.0 <53 
(D Pr) (1 mol: 1 mol) 
D A + P (1 g : 1 g) 2.4 13 6.9 50 2.0 6.2 6.2 45 -17 
D + P (1 g: 1 g) 2.0 11 6.0 46 1.7 5.4 5.4 42 -15 
a In the presence of carrier solution (R02-, or RPS-22-; the superscript 2- refers to 

the absence of Ca2+ and Mg2+). 

b Q=moles of agent per 10 mol of water; m = molality; M ... molarity. 

C Figured assuming a measured volume of 2.0 ml of carrier solution solutes per 

lOOmI. 

d Percentage change based on Q at 1000 atm vs Q at 1 atm. Figured using 

nomounded values of Q. 

e Trimethylamine acetate; at 1000 atm, container wall seeded the solution. 

fDimethylaminoethanol acetate; at 1000 atm, container wall seeded the solution. 
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also be replaced by methanol without diminishing the ability to obtain complete 
vitrification of cell suspension (Mehl and Boutron, 1985). 
Sutton (1991, 1992) studied the critical cooling rates for aqueous cryoprotectants 
in the presence of sugars, polyvinylpyrrolidone and polysaccharides. The results 
showed that the critical cooling rates of butane-2,3-diol, propane-1,2-diol, DMSO 
and glycerol are reduced by varying amounts by the addition of such materials. 
Polyethanediol with a molecular weight of 400, was shown to be more efficient 
at improving the glass-forming tendency of cryoprotectants than sugars and 
polyvinylpyrrolidone. 
1.3.1.3 Vitrification solutions used for embryo cryopreservation 
Vitrification solution for embryos have three common features (Ran, 1993). First, 
each contains a mixture of low and high molecular weight cryoprotectants. The 
partial permeation of low molecular weight solutes into the cells protects cells 
from the potentially harmful effects of cellular dehydration and ensures that the 
cytoplasm vitrifies during cooling. High molecular-weight polymers protect cells 
by stabilizing cell membranes and increasing the ability of the bathing solution 
to vitrify (Fahy et al., 1984, Rall, 1987). Second, the total concentration of solutes 
in each solution is high. This ensures that the solution vitrifies during cooling to 
storage temperature and avoids crystallisation (devitrification) during 
subsequent warming. The concentration required to prevent crystallisation 
depends on the rates of cooling and warming (Fahy et al., 1984). And third, each 
vitrification solution contains an isotonic saline component to provide normal 
levels of extracellular electrolytes (RaIl, 1993). 
The first vitrification solution that was successfully used for the cryopreservation 
of mouse embryos was developed by RaIl and Fahy (1985). Subsequently, the 
vitrification solution was also applied not only in mouse embryos but also in rat 
and cattle embryos (Kono and Tsunoda, 1987; Kono et al., 1988; Shaw et aI, 1992). 
The solution consists of 20.5 % (wIv) DMSO, 15.5 % (w Iv) acetamide, 10 % 
(w Iv) propane-1,2-diol and 6 %(w Iv) polyethylene glycol (pEG, av mol wt 8000 
Da) and vitrification was confirmed by visual inspection (RaIl and Fahy, 1985), 
differential scanning calorimetry and cryomicroscopy (Reid and RaU, 1986; Reid 
et al., 1985), and freeze-fracture ultramicroscopy (Takahashi et aI., 1986). 
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Scheffen et al. (1986) developed a simpler vitrification solution which has been 
successfully used in the cryopreservation of mouse (Scheffen et al., 1986; Valdez 
et al., 1990), rabbit (Smorag et ai., 1989), sheep (Gajda et al., 1989) and cattle 
(Massip et al., 1986) embryos. It is based on the use of a mixture of glycerol and 
propane-l,2-diol in different proportions in phosphate-buffered saline (PBS): 10 
%glycerol- 20 %propane-l,2-diol as equilibration medium; 25 %glycerol- 25 % 
propane-l,2-diol as extracellular vitrification medium. Examination of the 
vitrification solution by cryo-scanning electron microscopy revealed the absence 
of both intra- and extra-cellular ice crystals (Valdez et al., 1990). Other examples 
of vitrification solutions used for embryo cryopreservation are given in Table 
1.4. The possibility of using sucrose both as a non-permeable component of the 
vitrification medium and for diluting rabbit embryos from the vitrification 
solution was examined by Papis et al. (1991). The results suggest the possibility 
of substituting part of the permeable cryoprotectants in the vitrification medium 
with 1 M sucrose. 
1.3.1.4 Antifreeze proteins 
Fish antifreeze proteins (AFP) have been considered to function exclusively in 
conferring freeze-resistance to fish by binding to ice crystals and thereby 
depressing freezing points non-colligatively (DeVries and Wohlschlag, 1969; 
Caple et al., 1984, Fletcher et al., 1988). Rubinsky et al. (1990; 1991; 1992) reported 
a second fundamental property of antifreeze proteins, the ability to protect cells 
and their membranes from hypothermic damage. The study of Rubinsky et al. 
(1991) on cryopreservation of oocytes using directional cooling and antifreeze 
glycoproteins showed that during attempts to develop optimal protocols for 
preservation of pig oocytes by vitrification it was discovered that antifreeze 
glycoproteins (AFGPs) from Antarctic nototheniid fishes have special 
cryoprotective properties and dramatically improve the survival and the 
morphological integrity of pig oocytes rapidly cooled to cryogenic temperatures. 
It is known that the AFGPs inhibit the growth of ice crystals and modify the 
structure of the ice crystals that form by adsorption to the ice crystals (DeVries, 
1984; Raymond and DeVries, 1977). Sutton and Pegg (1993) reported that a 
synthetic antifreeze, modelled on the natural peptide found in the winter 
flounder Pseudopleuronectesamericanus, substantially raised the devitrification 
temperature of solutions of the cryoprotectant butane-2,3-diol. The addition of 
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1% w / w peptide reduced the minimum warming rate to avoid devitrification of 
a 30% solution by a factor of 7000. 
Table 1.4: Examples of vitrification solutions for embryo cryopreservation 
(from Rall, 1993). 
Cryoprotectant 
Solution name Permeating Non-permeating Reference 
{molar} {% wt./vol.} 
VSl DMSO (2.62 M) PEG (6 %) RaU,1987 
Acetaminde (2.62 
M) 
Propane-l,2-diol 
(1.3 M) 
VS2 Propane-l,2-diol PEG or BSA (6 %) Rail, 1987 
(5.5 M) 
VS3 Glycerol (6.5 M) BSA (0.4 %) RaU,1984 
Massip's VS Glycerol (2.2 M) BSA (0.4 %) Massip et al., 1986 
Propane-l,2-diol 
(3.2 M) 
Kasai's EFS Ethanediol (7.2 Ficoll (18 %) Kasai et aI, 1990 
M} sucrose (0.3 M~ 
Each solution also contains an saline. Key: DMSO = dimethyl sulfoxide; PEG = 
polyethylene glycol (8000 MW); BSA =bovine serum albumin; Ficoll =polymer 
of sucrose (70,000 MW). The first three solutions were formulated to vitrify when 
cooled at rates of 20 °C/min and avoid devitrification when warmed at rates 
greater than 100°C/min (Rall, 1987). The remaining solutions require much 
higher rates of cooling and warming to avoid crystallisation (about 1,000 and 
2,000 °C / min, respectively). 
However, the study of Chang et al. (1991) on the effect of antifreeze protein on 
the devitrification of a cryoprotective system suggested that while the glass­
liquid transition temperature was only slightly affected, the devitrification event 
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generally shifted to lower temperatures with the addition of AFP. For a vitrified 
sample warmed at a rate higher than 2.5 °C/min, the presence of AFP (l00 
mg/ml) depressed the devitrification temperature but not the ice content. The 
extent of devitrification was generally reduced at very slow warming rates 
and!or higher AFP concentration (>150 mg/ml). The results suggested that the 
addition of AFP to cryoprotective solutions may have adverse effects on 
cryopreservation, although the application of high concentrations of AFP in 
combination with low warming rates seems to help stabilise the glassy state and 
may therefore improve the survival of cryopreserved samples. 
1.3.2 Application of vitrification to Drosophila melanogaster 
Recent approaches used for vitrification of fruit fly Drosophila melanogaster may 
provide useful insights for future attempts to cryopreserve teleost embryos 
because the two taxa have similar complex permeability barriers (Hagedorn et 
al., 1993). Three intrinsic properties of Drosophila melanogaster complicate 
cryopreservation: (1) they are large ovoids, approximately 0.5 mm long and 0.15 
mm wide; (2) a complex membrane system surrounds and isolates embryos from 
their environment from fertilisation to hatching 24 h later; (3) Drosophila embryos 
are sensitive to chilling injury (Steponkus et al., 1990; RaU, 1993). The successful 
cryopreservation of Drosophila embryos involved the removal of penneability 
barriers - chorion and the waxy layers of the vitelline membrane, and the 
chilling injury was prevented by using ultra-rapid cooling in combination with 
vitrification. After examining a range of developmental stages, cryoprotectants, 
equilibration procedures, cooling and warming conditions, vitrification solutions 
and dilution procedures, a successful vitrification procedure was identified 
(Steponkus et al., 1990): age of embryos - 13 to 15 hours; vitrification solution ­
8.5 M ethanediol plus 6 % (w /v.) bovine serum albumin in Drosophila medium; 
permeabilization of embryos by controlled exposure to organic solvents; 
stepwise equilibration in vitrification solution: (1) embryos placed into 2.125 M 
ethanediol plus 6 %BSA in Drosophila medium for 20 min at 22 °C, (2) embryos 
placed in vitrification solution for 8 min at 0 °C; ultra-rapid cooling of about 25 
embryos on an electron microscope grid to -196°C (4,000 to 25,000 °C / min); 
storage in liquid nitrogen (-196°C); rapid warming (1,000 °C/min) and rapid 
dilution of cryoprotectant at 22 0c. After several modifications of the procedures, 
Steponkus et al. (1993) achieved survival values of 87.1 % hatching and 52.6 % 
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adult eclosion, with a long-term average of 74.3 ± 6.9 % hatch with 41.7 ± 8.1 % 
of the larvae developing into fertile adults. 
The process used to develop an effective cryopreservation procedure for 
Drosophila embryos provides important lessons for other biological materials 
(RaU, 1993). First, innocuous chemical and/ or physical modifications of 
membrane systems may eliminate intrinsic permeability barriers that limit 
cryoprotectant permeation or osmotic dehydration. Second, the entire life cycle 
of an animal must be examined to determine the most appropriate 
developmental stage for cryopreservation. The last important lesson is that 
vitrification, when used in combination with ultra-rapid cooling, may provide 
unique opportunities to avoid the deleterious effects of chilling injury. 
1.3.3 Problems involved in vitrification 
There are still many uncertainties remaining in using vitrification including 
cellular tolerance of highly concentrated cryoprotectant solutions, cooling and 
warming of cells at relatively high rates, thermal shock, cracking in aqueous 
glasses, and devitrification (ice formation during warming), fracturing and 
crystallisation during cooling of large biological systems (Fahy et al., 1984; 
Armitage and Rich, 1990; Fahy et al., 1990; Sutton, 1991). Since the concentrations 
of solutes involved in achieving a vitrifiable solution are substantial, typically in 
excess of 30 % (w Iv), the toxicity of the solutes is also always a serious 
consideration (MacFarlane and Forsyth, 1990). 
1.4 Cryopreservation of fish gametes and embryos 
1.4.1 Cryopreservation of fish gametes 
The spermatozoa of many aquatic species, have been successful cryopreserved. 
There is a large literature on the cryopreservation of fish spermatozoa, for which 
the majority of work has been performed on cold water and marine forms, with 
salmonids by far the most represented species (Horton and Ott, 1976; Zell, 1978; 
Scott and Baynes, 1980; Cloud et al., 1990; Wheeler and Thorgaard, 1991; Chao, 
1991; Chao et al., 1992). Few reports of cryopreservation of sperm from tropical, 
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freshwater fish have been reported (Harvey and Hoar, 1979; Harvey et al., 1982). 
The first successful fertilisation of fresh salmonid ova with cryopreserved sperm 
was reported by Horton et al. (1967), with the cryopreserved sperm. achieving 0 ­
18 % fertilisation. Ott and Horton (1971b) reported a mean of 59 % and 
maximum of 89 %fertilisation in 90 tests in which cryopreserved rainbow trout 
(Salmo gairdneri) sperm were mixed with fresh eggs. Cryopreservation of 
rainbow trout semen in large straws was studied by Wheeler and Thorgaard 
(1991), and the semen was successfully cryopreserved in large (4.5 ml) straws 
after being mixed with a simple (glucose/ egg yolk/DMSO) extender. Successful 
fertilisation averaged 49.3 % of the control among 16 males for samples thawed 
at 5 0c. Samples thawed at 0 °C gave very poor results, but samples thawed at 5 
- 30°C gave similar results. Fertilisation success tended to decrease as increased 
numbers of eggs were fertilised with sperm from a single straw but batches of 
700 eggs gave results similar to those for smaller batches. 
Harvey et al. (1982) reported a method for cryopreservation of milt from 
individual zebrafish (Brachydanio rerio) using methanol and powdered milk as 
cryoprotectants. Milt was cooled to -79°C with a cooling rate of 16°C/min 
before transferred to liquid nitrogen. Storage time before using for fertilisation 
was between 1 and 25 days. Motility of cryopreserved sperm was positively 
correlated with embryo hatching after fertilisation, which averaged 51 ± 35.6 %. 
Variability in motility and hatching was not correlated with sperm. volume or 
age of the fish, and was believed to be due to differences in sperm quality 
between individuals, as well as technical constraints imposed by the short 
duration of motility in thawed spermatozoa. 
1.4.2 Low temperature storage of fish embryos 
The development of fish gametes and eggs is affected by changes in temperature 
(Barrett, 1951; Marr, 1966; Poon and Johnson, 1970; Jensen and Alderdice, 1984). 
Embody (1934) found that if ova first became eyed at temperatures above 4.4 °C, 
then development could safely be completed at extremely low temperatures. 
Combs and Burrows (1957) found that both chinook (Oncorhynchus nerka) and 
pink (Oncorhynchus garbuscha) salmon eggs could tolerate 1.7 °C for long periods 
if they were initially stored at 5.6 °C for a month. A further study of Combs 
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(1965) defined the stage of development at which low water temperatures could 
be tolerated by chinook salmon eggs as being 144 hours of incubation. Maddock 
(1974) reported that the incubation period of brown trout (Salmo trutta) ova 
could be extended for up to 4 months at a temperature of 1.4 °C if ova were 
initially stored at a temperature of 7.6 °C for 13 days. The study of Pullin and 
Bailey (1981) on cryopreservation of plaice (Pleuronectes platessa) eggs at low 
temperatures showed that the survival rate increased with increasing 
development of the eggs used (Table 1.5). 
Some factors such as oxygen and bacterial infection (pullin and Bailey, 1981) 
limit the development and survival of fish eggs during storage. The study of 
Garside (1966) on the effects of oxygen in relation to temperature on the 
development of embryos of brook trout (Salvelinus fontinalis) and rainbow trout 
(Salmo gairdneri) showed that the velocity of development was increasingly 
retarded by progressively lower levels of dissolved oxygen. 
1.4.3 Supercooling and supercooled storage of fish eggs 
The freezing point of the media in which the embryos are suspended during 
cooling varies with the concentration of cryoprotectant. When these media are 
cooled at the slow rates required for embryo preservation, ice nucleation rarely 
occurs at the freezing pOint of the media and cells may supercool to 
temperatures as low as -21°C. Excessive degree of supercooling have a 
deleterious effect on embryonic survival when they are left to continue cooling 
in the same vessel after ice formation (Whittingham, 1980). The greater 
temperature differential between the sample and the medium causes the sample 
to cool rather rapidly to the medium temperature. The cooling rate can be high 
enough to cause lethality, presumably as a result of the formation of intracellular 
ice (Mazur and Schmidt, 1968). 
Harvey and Ashwood-Smith (1982) found that although the freezing point of 
isolated, unfertilised eggs of rainbow trout (Salmo gairdneri) is -1.7 °C, these eggs 
supercool readily to temperatures around -20°C when ice is absent from the 
surrounding medium. They found that eggs cooled at 1°C/min in paraffin oil 
generally remain unfrozen to -18°C unless seeded. Harvey et al. (1983) reported 
that unfertilised salmonid ova can be stored at -1°C for up to 20 days in artificial 
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media and in ovarian fluid. In all cases ovarian fluid preserved fertility longer 
than did the synthetic media. 
Table 1.5: Survival patterns and hatching of plaice eggs cooled to about 0.5 °C at 
various stages of development (from Pullin and Bailey, 1981). 
Stage Floating eggs at Floating eggs thereafter and hatch (H) success 
return to 6 °C (%) 
Da:y 0 Da:y2 Da:y 4 Day 7 Day 10 Day 14-16 
1 0 
1 0 
1 0 
2 34 28 18 12 5 0 
2 36 26 17 12 2 0 
2 41 35 28 12 5 0 
4-5 36 29 22 19 16 8 (H) 
4-5 43 37 35 30 12 7 (H) 
4-5 37 32 29 18 12 5 (H) 
7 38 36 32 30 7 0 
7 35 29 25 20 17 11 (H) 
7 42 37 25 27 20 15 (H) 
10 47 43 41 37 20 12 (H) 
10 48 45 41 39 24 12 (H) 
10 45 41 39 35 16 12 (H) 
Controls (6 DC) 
25 (H) 
43 (H) 
21 (H} 
Data was from triplicate batch cultures of 50 eggs, stored for 48 h and then 
returned to 6°C. 
Supercooling injuries are suggested to relate to the changes occur in the 
protoplasm of the cortex (Ohyama and Asahina, 1972), cryoprotectants toxicity 
and osmotic stress (Yang et el., 1993). 
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1.4.4 Attempts to cryopreserve fish embryos using controlled slow freezing 
Cryopreservation of fish embryos is still an unsolved problem. Attempts to 
cryopreserve fish eggs or embryos have been conducted on herring (Clupea 
harengus), rainbow trout (Salmo gairdneri), coho Salmon (Oncorhynchus kisutch), 
brown trout (Salmo trutta), brook trout (Salvelinus jontinalis), Atlantic salmon 
(Salmo salar), zebrafish (Brachydanio rerio), common carp (Cyprinus carpio), 
medaka (Oryzias Zatipes) and red drum (Sciaenops ocellatus). Eggs or embryos 
from all species have shown a certain tolerance to temperatures below 0 °C but 
very limited success in terms of hatching has been reported on cooling to -20°C 
and lower. 
The survival of herring embryos (developmental stages: late blastodisc; and 
about 50 % epiboly) was examined by Whittingham and Rosenthal (1978) and 
Ben-Amotz and Rosenthal (1981) at -6, -10, -20 and -30°C for different exposure 
times (5, 10, and 20 minutes). In 1 M DMSO solution un-seeded and seeded 
embryos survived 10 minutes at -6 OCr resulting in a hatching rate of 70 %and 60 
%, respectively. At -10°C only 30 % of the un-seeded embryos hatched. Higher 
DMSO concentrations (1.5 M and 2.0 M) increased the hatch percentage at -10°C 
to 65 % and 80 % in the un-seeded and seeded samples, all embryos could be 
recovered active from -20 °C, but no viable hatch was obtained. 
Zell (1978) reported that fertilised Atlantic salmon eggs survived exposure to -55 
0c. Embryos of brown trout were reported to hatch after exposure to -20°C 
(Erdahl and Graham, 1980). Haga (1982) recorded a possibility of preservation 
of fertilised eggs of rainbow trout at _7°C to -20°C. According to this study, 
post-eyed stages had higher tolerance to exposure at subzero temperatures than 
those of pre-eyed stages with suitable concentrations of DMSO as organic 
cryoprotectant of 1.4 - 2.1 M. After exposed to the constant subzero temperature 
for 3 hours, for _7°C exposure, about 95 %hatching rate was obtained by using 
10 % calf serum and mineral salts solution besides DMSO as cryoprotectants, 
while 14 % hatching rate was obtained for -12 °C exposure. The study of 
cryoprotectant penetration and supercooling in the eggs of salmonid fishes by 
Harvey and Ashwood-Smith (1982) showed that eggs treated with 10 % DMSO 
and 10 %sucrose in fish ringer resist intracellular freezing longer when cooled at 
0.01 DC/min than do those in fish ringer alone; intracellular freezing is inevitable 
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with both cryoprotectants, although eggs that have remained unfrozen for 
several hours appear viable upon slow re-warming. A study on the 
cryopreservation of eggs from coho salmon, reported by Stoss and Donaldson 
(1983), showed that most eggs remained unfrozen (67 - 89 %) in the presence of 1 
M DMSO when kept for 10 min in frozen artificial medium (-4.6 %) and 27 - 32 
%subsequently reached the eyed stage (control was 100 %). Further cooling (0.3 
DC/min) to -10°C was still tolerated (62 %unfrozen, 22 %eyed eggs) but not to-
20°C (6 % unfrozen, no development) or -30°C (no survival). The use of 2 M 
DMSO did not improve the results. 
Mass cooling of embryos of fresh water fish medaka was reported by Onizuka et 
aI. (1984). Embryos cooled to -30°C showed the highest survival rate of 15 % 
(immediately after warming) and 11 %(2 days after) when embryos at blastula 
and gastrula stages were cooled in 1.5 M DMSO-ringer at the rate of 0.3 DC/min 
after an equilibration time of 90 min. 
The cryopreservation of common carp embryos was reported by Zhang et aI. 
(1989). According to this report 1 out of 16 embryos survived when slowly 
cooled at -0.05 DC/min to -196°C and thawed at 96°C/min in a 0 °C ice bath. 
Tail-bud stage was considered as the appropriate stage for cryopreservation, and 
DMSO was superior to glycerol as cryoprotective agent. The injury of embryos 
was due to ice formation within embryos during cooling or to the toxicity injury 
of the cryoprotective agent during pre-treatment (Chen et aI., 1988). 
Water permeability in the developing embryo of the tropical zebra fish was 
studied by Harvey and Chamberlain (1982) in order to develop a method for 
cryopreservation. The successful frozen storage of any cell type requires that the 
cell loses water by osmotic dehydration during cooling, to the point where 
crystallisation of the remaining intracellular water does not cause irreparable 
damage. In devising a freezing regime for any cell type it is therefore important 
to know the extent of its permeability to water, if only in relative terms. In 
general, cells whose permeability is high can be cooled more rapidly than 
comparably sized calls whose permeability is low (Mazur, 1977). According to 
the study of Harvey and Chamberlain (1982), stages between early high blastula 
and one-half epiboly were judged to be most permeable to water. 
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Permeability of intact and dechorionated zebrafish embryos to glycerol or 
DMSO was also studied by Harvey et al. (1983). This study showed that glycerol 
entered the embryo more easily than DMSO, although it reached only about 8 % 
of the expected equilibrium level after 2 hours at room temperature. DMSO 
reached only about 2.5 %of this level. The study also showed that embryos were 
unaffected by exposure to 1 M DMSO in fish ringer at 23°C for up to 1 h. The 
number of embryos hatching after 1 h exposure to DMSO at varying 
concentrations was significantly reduced at 1.5 and 2 M. Embryos exposed to 1 
M glycerol for 1 hat 23°C showed disruption of periblast cells and separation of 
the blastoderm, and it proved impossible to remove glycerol either by abrupt or 
very slow dilution. 
Cooling of embryonic cells, isolated blastoderms and intact embryos of zebrafish 
to -196°C have been reported by Harvey (1983). According to this report, single 
cells from the developing embryo of the zebrafish survived freezing when 
protected with 1 M DMSO and cooled to -196°C in two steps. Cell survival 
droped from 85 to 26 %when clumps of 5 - 10 cells were similarly frozen, and to 
2 % when isolated blastoderms were treated in the same way. This drastic 
decrease in survival was interpreted as an example of the 'scale-up problem', in 
which diffusion barriers prevent cryoprotectant equilibration and osmotic 
dehydration in large cell assemblages. Isolated blastoderms developed 
conSiderably in culture, and retain some of this ability following cooling to -25 
°C after protection with DMSO or glycerol. Intact embryos protected with a high 
concentration of glycerol (2.8 M) tolerated slow cooling to -196°C surprisingly 
well, with most of the embryonic cells remaining morphologically intact and 
actively extruding lobopodia. Glycerol could, however, only be removed from 
cells by disrupting the embryos so that diffusion barriers were removed. DMSO 
(2.8 M) was ineffective in preserving embryos or cells cooled to -196°C. 
It is clear from all of the preceding cryopreservation attempts that zebrafish 
embryos only survived for a short period after cooling to temperatures below -20 
°e, embryos were functionally impaired following warming and dilution 
(Harvey, 1983). 
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1.4.5 Attempts to cryopreserve fish embryos using vitrification 
Wang et aI. (1987) studied the feasibility of vitrification of fish embryos. In their 
study, fish embryos were exposed to a variety of dilutions of VS1 (Table 1.4) 
developed by Rall and Fahy (1985) and propane-l,2-diol respectively at 5 °C and 
20°C. The concentration of VS1 was increased and decreased in a stepwise 
manner, and fish embryos were exposed directly to a aqueous solution of 
propane-l,2-diol. They found that the proportion of fish embryos exposed to the 
concentration above 50 %of VSl and 35 %(v Iv) propane-l,2-diol were subjected 
to detrimental effects due as much to osmotic stress as to toxicity. Fish embryos 
exposed to the same concentration of cryoprotectants remained without injury at 
5°C much longer than at 20°C. Cryomicroscopy observations showed that fish 
embryos exposed to 100 % VSl and 45 % (v Iv) propane-1 /2-diol for 20 min did 
not crystallise either intracellularly or extracellularly during cooling to -130°C if 
the cooling rate was higher than 20 °C/min. During re-warming, intracellular 
blacking appeared at -80 to -60°C, which is usually recognised as devitrification 
and may injure fish embryos. 
1.4.6 Problems in fish embryo cryopreservation 
Cryopreservation of fish eggs and embryos poses several problems: 
(1) The eggs of most species are greater than 1 mm in diameter (previously 
successfully cryopreserved eggs are all considerably smaller (mammalian eggs, 
70 -150 !lm; invertebrate eggs, < 300!lm in diameter). This large size results in a 
much lower surface area to volume ratio. One consequence of the low ratio is a 
reduction in the rate at which water and cryoprotectants can move into and out 
of the embryo during the steps of cryopreservation (Mazur, 1984). 
(2) Fish eggs have a high yolk content. Yolk provides all nutrients for embryOniC 
development. During the steps of cryopreservation, yolk probably acts as an 
independent compartment and responds osmotically in a manner analogous to 
the cellular cytoplasm. The development of a single effective protocol for 
cryoprotectant permeation and osmotic dehydration of both the yolk and cell 
compartments may be difficult due to known large differences in their volume 
and water contents, and the likelihood that their membranes have different 
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permeability characteristics (RaIl, 1993). 
(3) Fish eggs have a complex membrane system with very low permeability 
(Proscott, 1955; Loeffler and Lovstrup, 1970) that plays an important role in 
controlling the immediate environment of the embryo (Groot and Alderdice, 
1985). The chorion and membranes surrounding both the embryo and yolk 
constitute a complex system for developing effective procedures for 
cryopretectant permeation and osmotic dehydration (Rall, 1993). 
(4) A potentially complicating factor is the sensitivity to chilling injury. Studies 
involving mammalian embryos suggest that a high sensitivity to chilling injury 
is associated with large amounts of intraembryonic lipids (polge et al., 1974) 
which are commonly present in fish embryo yolk and cell compartments. 
1.5 Using zebrafish embryos as a model system for fish embryo cryopreservation 
The characteristics of an ideal model system for cryopreservation of fish 
embryos were summarised by RaIl (1993): (1) small adult size; (2) short 
generation interval; (3) the ability to maintain fish and embryos in vitro 
throughout the entire life cycle; (4) the reproductive physiology, embryology 
and developmental genetics must be weU-characterised; (5) eggs, embryos and 
spermatozoa must be available daily (i.e. non-seasonal breeder); and (6) 
appropriate reproductive biotechniques must be available (e.g., oocyte, semen 
and embryos collection, embryo micro-manipulation and survival surgery). 
Zebrafish (Brachydanio rerio) exhibit many of these features (Laale, 1977) and 
have been the subject of previous cryobiolOgical studies (Ha.rvey and 
Chamberlain, 1982; Harvey et al., 1983; Harvey, 1983). Therefore, zebrafish were 
chosen as a model system for fish embryo cryopreservation in the present study. 
1.5.1 General information on zebrafish 
The zebrafish Brachydanio rerio (Hamilton-Buchanan) is a tropical Cypriniform 
representative of the family Cyprinidae and is native from Bengal to the 
Corromandel coast of India (Axelrod & Schultz, 1955). The fish rarely exceeds 
4.5 em in length and has a cylindrical body with 7-9 dark blue horizontal stripes 
on silver, which run into caudal and anal fins, and an olive green back. Males 
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are slimmer than the females and possess a golden sheen, whilst females are 
more silvery and their abdomen is distended particularly prior to spawning. The 
fish are capable of withstanding wide ranges of temperature (15.5 to 43.3 DC) and 
pH (6.6 - 9.2) (Axelrod and Schult, 1955). 
Zebeafish fish may be bred, reared and maintained in dechlorinated tap water at 
a temperature of about 26 DC (MEWAM, 1981). The species has been studied 
extensively since the nineteen thirties in fisheries research because it is easily 
obtainable, inexpensive, readily maintained and cared for (Rugh, 1948), 
undergoes a photoperiodic response which allows the time of spawning to be 
controlled (Legault, 1958) and, under appropriate laboratory conditions, will 
provide large numbers of non-adherent and transparent eggs throughout the 
year (Hisaoka, 1958). The fish are well suited for embryological studies as the 
development period from fertilisation to hatching is approximately 96 h at 26 DC. 
A less desirable feature of this species is the large variation in egg mortality 
among individuals. 
1.5.2 Reproduction 
The zebrafish is an oviparous species. In a study by Eaton and Farley (1974), first 
spawning occured when the females reached a standard length of 24.9 mm and 
the males 23.1 mm which was attained by 74 to 75 days of culture at 25.3 - 25.7 
DC. The average weights of a three month old female and male were 1100 mg 
and 600 mg respectively (piron, 1978). Hisaoka and Firlit (1962) have reported 
on the oviposition and ovarian cycle in adult zebrafish. Eggs are laid in large 
numbers within a period of 5 - 45 days following the previous oviposition, the 
optimal time being from 5 - 10 days with eggs not usually laid on the first 4 days 
after the previous oviposition. Mortality and abnormality due to over ripeness 
occurs when the eggs are laid after a rest period of 15 days. The maximum 
number of eggs obtainable from a single female may be as high as 1500 - 1800, 
whilst the number laid generally varies between 150 and 400 eggs per spawning. 
The influence of breeding time interval on egg number, mortality and hatching 
was also investigated by Niimi and LaHam (1974). According to their report a 
breeding interval of 10 days ensured low mortality and uniform hatching at 26 ± 
1 dc. Mortality increased from 5 to 100 %as the time interval between breeding 
period increases from 10 - 45 days (Laale, 1977). Piron (1978) also found that 
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intensive inbreeding of this fish gave rise to a high incidence of spontaneous 
skeletal deformities. 
Food and temperature are factors of importance in preparing the fish for 
spawning. Zebrafish are omnivorous and thrive well on a variety of foods such 
as dried and frozen commercial fish food, plankton, Paramecium, white worms, 
mosquito larvae, Tubifex and brain shrimp, Daphnia and Drosophila. Feeding 
twice daily is adequate. Since a slight increase in temperature facilities breeding, 
the temperature of the stock tanks should be maintained at 25°C and the 
breeding tanks at 26 0c. Other physical factors such as light, sound, electrical 
current and pressure also influence the development and hatching of zebrafish 
(Laale, 1977). Water conditioning by adult zebrafish was used in spawning tests 
in an attempt to isolate a natural reproduction control factor, and a relationship 
between a high ammonia and carbon dioxide concentration and reduced 
spawning was demonstrated (Greene, 1966)... 
1.5.3 Normal developmental stages of the zebrafish embryo 
Because of the transparency of the eggs and posthatch larvae, the development 
of the fish can be followed and malformation observed through a microscope. 
The eggs develop relatively fast; at 26°C hatching takes place after 
approximately 4 days and the time from fertilisation until yolk absorption by the 
larvae is approximately 11 days. The study of Schirone and Gross (1968) showed 
that regular and successive cleavages and a distinct continuity of morpholOgical 
features proceed regularly between 23°C and 34 0c. Embryos kept at 
temperatures above or below these limits did not complete embryogenesis. 
Table 1.6 is presented as a summary of the 25 selected developmental stages of 
Brachydanio reria by Hisaoka and Battle (1958). Stage 1 represents the recently 
fertilised ovum, and stages 2 - 7 the formation of the blastodisc and the initial 
cleavage divisions. Ova composed of 64 to 256 blastomeres are designated as late 
cleavage stages (8). Blastulation is represented by 4 stages (9 - 12) as is 
gastrulation (13 - 16). Late developmental stages are presented as stages 17 - 25. 
Time lapse cinematography and continuous photography with the aid of phase 
contrast microscopy has also been employed to show the development from 
cleavage through the formation of the embryonic axis with its somites central 
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nervous system and sense organs (Hisaoka & Marchese, 1957; Hisaoka & Firlit, 
1960). Zebrafish develop asynchronously (Streisinger et aI., 1981). The latest 
staging series of zebrafish embryo was described by Kimmel et al. (1993) based 
on the 'standard developmental time', often designated by the letter 'h', defined 
as normalised hours after fertilisation at 28.5 °C (Table 1.7). The descriptions 
were based on dechorionated embryos. 
1.5.4 Zebrafish embryo structure 
In the teleost egg two distinct membranes are recognised; namely, the outer 
chorionic membrane (zona radiata) and the inner vitelline membrane (plasma 
membrane) (Hisaoka, 1958; Fisher, 1963; Anderson, 1964; Kessel et aI., 1985; 
Schmehl and Grauham, 1987). Between these two membranes there is a 
periVitelline space which is filled with a viscous fluid. 
Zebrafish egg membranes. In the teleost egg, two distinct membranes are 
recognised; namely, the outer chorionic membrane (zona radiata) and the inner 
vitelline membrane (plasma membrane). The studies of fine structure of the 
chorion (Hart and Donovan, 1983) showed the chorion to be a thin envelop, 
approximately 1.5 - 2.0 f..tm in thickness, constructed of three distinct zones: an 
outer, electron-dense zone containing pore canal plugs (zona radiata extema) 
rich in polysaccharides (Tesoriero, 1977), a middle fibrillar zone (superfical zona 
radiata intema), and an inner zone of 16 horizontal electron-dense lamellae 
alternating with 15 interlamellae of lower electron density (deep zona radiata 
interna), it is generally believed that the zona radiata intema is rich in proteins 
(Yamagami, 1981). Such a structure may playa role in diffusive exchange of 
gases as well as providing physical protection (Stehr and Hawkes, 1979; 
Grierson and Neville, 1981). It also plays a role as a flexible filter for transport of 
some materials (Toshimore and Yasuzumi, 1976) and protects against 
microorganisms (Schoots et aI., 1982). Hisaoka's study (1958) on the chorion of 
the zebra fish demonstrated it to be a leakage membrane which is freely 
permeable to water and electrolytes. The plasma membrane of a cell generally 
has the form of a lipid bilayer matrix in which islands .of protein are interspersed 
(Korenbrot, 1977). The studies of the vitelline membrane of zebra fish egg 
showed that this membrane is moderately permeable to water (Harvey and 
Chamberlain, 1982). 
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Table 1.6: Stages of zebrafish embryo development at 26°C 
Stage Age 
No. h min. 
1 0 
2 25 
3 35 
4 43 
5 1 11 
6 1 30 
7 1 45 
8 1 50 
9 2 11 
10 2 33 
11 3 32 
12 4 7 
13 4 56 
14 5 48 
15 6 45 
16 7 42 
17 10 
18 14 
19 20 
20 24 
21 27 
22 37 
23 49 
24 72 
25 96 
(from Hisaoka and Battie, 1958). 
Development Period Plates No. 
Recently fertilised 1.1 
I-Celled blastodisc 1.2, 1.3 
2-Celled ovum 1.4 
4-Celled ovum 1.5 
8-Celled ovum 1.6, 1.7 
16-CelIed ovum 1.8 
32-CelIed ovum 1.9 
Late cleavage 1.10 
Early high blastula 1.11 
Late high blastula 1.12 
Flat blastula 1.13 
Very late blastula 1.14 
Early gastrula 1.15 
Blastoderm enveloping 1/3 yolk 1.16 
shere 
Blastoderm enveloping 1/2 yolk 1.17,1.18 
sphere 
Blastoderm enveloping 3/4 yolk 1.19 
sphere 
Closure of blastopore 1.20 
Optic vesicle 1.21 
Auditory placode 1.22 
Optic cup 1.23 
Otolith formation 1.24 
Retinal pigmentation 1.25,1.26 
Body pigmentation (melanophore) 1.27, 1.28 
Xanthophore development 1.29, 1.30 
Hatching 1.31, 1.32 
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Plate 1.1 - 1.32: Normal developmental stages of zebra fish (Brachydanio reno) at 
26°C (from Hisaoka and Battle, 1958). Detailed explanation of the plates were 
given in Table 1.6. Time intervals were calculated from fertilisation. 
Photomicrographs were taken by a phase contrast microscope x 35. Copies of the 
photomicrographs were enlarged by 113 %. 
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Table 1.7: Stages of zebra fish embryo development at 28.5 °C 
(from Kimmel, 1993). 
Stage 
Zygote period 
I-cell 
Cleavage period 
2-cell 
4-cell 
8-cell 
16-cell 
32-cell 
64-cell 
Blastula period 
128-cell 
256-cell 
512-cell 
1 k-cell 
High 
Oblong 
Sphere 
Dome 
o 
3/4 
1 
11/4 
11/2 
13/4 
2 
21/4 
21/2 
23/4 
3 
31/3 
32/3 
4 
41/3 
I-ffi2 Description 
1,2 Cytoplasm streams towards animal pole 
to form the blastodisc 
3 2 blastomeres 
4 2 x 2 array of blastomeres 
5 2 x 4 array of blastomeres 
6 4 x 4 array of blastomeres 
7 2 regular tiers3 of blastomeres, sometimes 
present in a 4 x 8 array 
8 3 regular tiers of blastomeres 
9 5 tiers of blastomeres; cleavage planes and 
tiers are irregular 
7 tiers of blastomeres 
9 tiers of blastomeres; yolk syncytial layer 
(YSL) forms 
10 11 tiers of blastomeres; YSL nuclei in a 
single row; slight cell cycle asynchrony 
>11 tiers of blastomeres; substantial 
division asynchrony and beginning of 
blastoderm flattening; YSL nuclei in two 
rows; blastoderm beginning to flatten 
11 Flattening produces an eliptical shape; 
multiple rows ofYSL nuclei 
12 Continued flattening produces a spherical 
shape 
13 Blastula remains spherical; yolk cell 
bulging (doming) towards animal pole as 
epiboly begins 
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30 %-epiboly 
Gastrula period 
50 %-epiboly 
Germ-ring 
Shield 
75 %-epiboly 
90 %-epiboly 
Bud 
Segmentation 
period 
I-somite 
5-somite 
14-somite 
20-somite 
42/3 14 
51/4 
52/3 
6 15 
8 16 
9 
10 17 
101/3 
112/3 18 
16 19 
19 2()4 
Blastoderm shaped as an inverted cup of 
uniform thickness. Margin reaches 30 % of 
distance between the animal and vegetal 
pole 
Blastoderm tho ins more than at 30 %­
epiboly, but remains uniform in thickness 
Germ-ring visible from animal pole; 50 %­
epiboly 
Embryonic shield visible from animal 
pole; 50 %-epiboly 
Dorsal side distinctly thicker; epibolast, 
hypoblast and evaculation zone visible 
Brain rudiment distinctly thickened, 
notochord rudiment distinct from 
segmental plate 
Tail bud prominent at the posterior end of 
the axis; notochord rudiment distinct from 
neural keel; poster forming at anterior 
end; midsagittal groove in anterior neural 
keel; 100 %epiboly 
First somite furrow appears in the 
segmental plate mesoderm 
Optic vesicle appears; polster prominent; 
Kupffer's vesicle present 
Otic placode present; brain subdivided; 
pronephric duct well formed; trunk 
somites beginning to be V -shaped 
Lens, otic vesicle, and rhombic flexure 
present; hindbrain neuromeres 
prominent; tail well extended; muscular 
twitches 
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26-somite 
Straightening 
period 
Prim-5 
Prim-ll 
Prim-23 
Pec-ridge 
Hatching period 
Long bud 
Pec-fin 
22 

24 
30 
36 
42 
48 
60 
2 otoliths present in the otic capsules; 
side-to-side flexures; The posterior lateral 
line primordium has begun to migrate 
posteriorly and its advancing posterior tip 
is located over the third somite (Prim-3) 
The head-trunk angle (HTA) is about 1350 
; the otic capsule is about 5 otic capsule 
lengths posterior to the eye (OCL=5); 
early pigmentation in retina and skin 
HTA=100o; OCL=3; retina pigmented; 
dorsal body pigment stripe; heart beat 
and weak circulation; shallow pectoral fin 
buds; straight tail; early touch reflex; 
reduced spontaneous movements 
HTA=85°; OCL=1-2; pectoral fin bud 
without prominent apical ridge; tail 
pigmentation and ventral body pigment 
stripe filling out; strong circulation; single 
aortic arch pair; early motility 
HTA=75°; OCL<l; apical ridge prominent 
on the pectoral fin buds; lateral pigment 
strip beginning; pericardium prominent; 
chambers present in the heart 
HTA=45°; long pointed pectoral fin bud; 
iridiophores plentiful on retina; distinct 
yellow cast to head; circulation in 3-5 
aortic arches and in segmental vessels 
HTA=30o; pectoral rudiment flattens into 
a fin with prominent circulation; 
iridiophore lens ring fills out; irodiophore 
dorsal body stripe present; gut tract 
becoming visible 
40 
Protruding­ 72 HTA=200; wide open mouth protruding 
mouth anterior to the eye; gut tract visible; 
irodiophore ventral median yolk stripe 
forming 
1 Hours after fertilisation at 28.5 0c. 2 HB: Approximate stage number in the 
zebrafish stage series by Hisoaka and Battle (1958). 3 Tiers: Horizontal rows of 
surface blastomeres, present in side view and counted between the margin and 
the animal pole. 4 After HB stage 20, the HB descriptions are inaccurate. 
Perivitelline space. Water activation of teleost egg results in a small amount of 
fluid and protein filling the space between chorion and vitelline membrane. The 
perivitelline fluid is produced when water flows across the chorion in response 
to an osmotic pressure gradient between the external water and the colloids 
(Kalman, 1959). The formation of perivitelline fluid is brought about by the 
release of colloid and protein into the perivitelline space, which imbibes water 
from the external medium, a process known as 'water harding' (pott and Eddy, 
1973). Eddy (1974) found the perivitelline fluid of the Atlantic salmon (Salmo 
salar) egg to consist of 58 % water, 25 % protein, 12 % lipid, and 1.7 % 
carbohydrate. The perivitelline fluid and its containing multilamellar envelopes 
with their varied specialized patterns and filamentous elaborations provide a 
number of protective, nutritive, flotative, polyspermy preventive and regulative 
functions (Laale, 1980). 
Yolk. Ulrich (1969) has described two main phases in the evolution of the oocyte 
ultrastructure of zebra fish. The first phase - previtellogenesis, is characterised 
primarily by growth, and the termination of this phase by elaboration of cortical 
Golgi complexes in which mucopolysaccharide yolk vesicles are syntheSized. 
The second phase, vitellogenesis, is characterised by yolk accumulation and is 
the phase during which protein yolk globules are formed by a fusion of 
pincytotic vesicles. The yolk, besides prOviding solute nutrient to the cells of the 
rapidly developing blastoderm, contributes ribosomes, and pOSSibly 
membranous material as well, to the embryoniC cells for their subsequent 
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differentiation (Thomas, 1966; Thomas, 1968; Dasgupta and Singh, 1981; Kimmel 
and Law, 1986). 
1.6 Summary 
a) Cryopreservation of fish eggs and embryos is a difficult problem in 
cryobiology. The eggs of most species are large (greater than 1 mm in diameter), 
all fish eggs have a high yolk content and very low permeability, and fish 
embryos are also likely to be chilling sensitive. Taken together these 
characteristics have resulted in the fact that despite many attempts, teleost 
embryos have not been successfully cryopreserved. 
b) In the past 20 years, two approaches have been developed to preserve 
embryos at low temperatures. The first, 'controlled slow freezing/cooling', 
evolved from the discovery of the cryoprotective properties of glycerol, and 
subsequent research during the 1950s and 1960s with microorganisms and 
mammalian tissue culture cells. The second approach, 'vitrification', was 
originally proposed in 1930s, but practical application of this approach was not 
achieved until the late 1980s. 
c) Controlled slow cooling procedures are characterised by the addition of molar 
concentrations of cryoprotectant to the cell suspension and the use of a 
controlled rate of freezing to the storage temperature. Factors commonly 
considered in embryo cryopreservation are cryoprotectant concentration, 
equilibration time, embryo development stage, cooling rate, seeding 
temperature, thawing methods, and the post-thaw fertility of the embryos. 
d) Attempts to cryopreserve fish eggs or embryos carried out so far with 
controlled slow cooling have been with herring (Clupea harengus), rainbow trout 
(Salmo gairdneri), coho salmon (Onorhynchus kisutch), brook trout (Salvelinus), 
zebrafish (Brachydanio rerio), common carp (Cyprinus carpio), medaka (Oryzias 
latipes) and red drum (Sciaenops oceZlatus). Eggs or embryos from all species 
showed a certain tolerance to temperatures below 0 °C and very limited success 
in terms of hatching has been reported in cooling to -20°C and lower. 
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e) Recent developments in cryobiology have proposed vitrification as an 
alternative approach to controlled slow cooling and the successful vitrification 
procedures for Drosophila offer a new approach for teleost embryo 
cryopreservation because the two taxa have similar complex permeability 
barriers. 
f) Vitrification approaches are characterised by producing osmotic dehydration 
of the cell in a highly concentrated solution of cryoprotectant prior to cooling. 
Then the entire cell suspension is transformed from liquid state into a glassy 
solid by rapid cooling to -196°C. There is hardly any published report on the use 
of vitrification for fish embryo cryopreservation. 
g) Supercooling, a phenomenon quite common among life forms inhabiting 
regions of extreme cold, eliminates extreme stresses and therefore suggests itself 
as a suitable tactic for storage of embryos. Supercooled storage of fish embryos 
has been rarely studied. 
h) Considerable basic and applied research is required to systematically examine 
the feasibility of applying cryobiological procedures to fish embryos to provide 
the necessary information for making this possible. 
i) Of great importance in designing protocols for fish embryo cryopreservation 
are the selection of appropriate cryoprotectants; the information of the sensitivity 
of the fish embryos to low temperatures; an understanding of fish embryo 
osmotic responses, permeability to water and cryoprotectant . 
j) Zebrafish has a small adult size, embryos can be maintained in vitro, the 
embryology is well-characterised, eggs and embryos can be available daily, 
appropriate reproductive biotechniques are available and have been the subject 
of previous cryobiological studies. It was therefore suggested as a suitable model 
system for fish embryo cryobiological studies. 
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Chapter 2: Methods and Materials 
2.1 Introduction 
Five main areas of study were covered by the project including: toxicity studies 
of cryoprotectants, controlled slow cooling of zebrafish embryos, the study of 
chilling sensitivity and non-freezing storage of the embryos, vitrification studies 
and embryo permeability studies. The experimental work took place in three 
centres. Cryoprotectant toxicity studies, chilling, non-freezing storage and 
vitrification experiments were carried out at the Research Centre, University of 
Luton. Embryo permeability studies were carried out at the International Centre 
of Advanced Technology (ICAT), University of Luton. Controlled slow cooling 
experiments were carried out at both the Research Centre, University of Luton 
and Asymptote, Cambridge. 
2.2 Methods for zebrafish (Brachydanio rerio) care 
2.2.1 General information 
Adult zebrafish 12-14 weeks old were obtained from Beadals Aquatics, Green M. 
A. or Kingfisher Aquatics tropical fish supplies, Luton, England and were 
stocked in 45 1 (28 x 28 x 58 cm) glass fish tanks at the Research Centre, 
University of Luton. Fish tanks were washed three times with tap water before 
use with between 6 - 10 fish per tank and subsequently filled with carbon­
filtered tap water which was held in a 520 I (100 x 65 x 80 cm) tank for 1 week 
before use. The tanks were constantly aerated and filtered and 80 %of the water 
was changed weekly with complete renewal every 4 weeks. Every two months, 
the tanks were washed with 10 % hydrochloric acid and cleaned thoroughly. 
Other information for fish care is given in Table 2.1. 
Aeration of the water in the tanks was carried out by using an electric pump to 
pump air under an upturned funnel that was surrounded by filter floss (King 
British®, England) in a beaker (1 1) immersed in the fish tank. The funnel and 
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floss were held in position by a layer of smooth gravel. Water was pulled though 
the gravel and floss by the suction effect generated by the rising air bubbles. 
Table 2.1: General information for zebrafish care 
Room temperature 26 ± 0.5 °C 
VVatertemperature 26± 0.5 °C 
VVater pH S.l - 8.5 
VVaterDO SO±S% 
VVater hardness express as CaC03 150 - 200 mg/l 
Photoperiod 12 L: 12 D (Light: Dark) 
2.2.2 Feeding 
Larvae: Newly hatched larvae were fed daily for a week with 1 drop of 
commercial fish food (Liquifry No. I, InterPet, England) in a 2 I beaker. In the 
second week, larvae were fed daily with both Liquifry No 1 and Liquifry No 2 
(consisting of larger particles and added green vegetable matter), 1 drop of each 
food. In the third week the larvae were fed daily with a pinch of ground dry fish 
food TetraMin (TetraWerke, Germany) and 1 drop of Liquifry No 2. After 3 
weeks, fish were fed daily with increasing amounts of TetraWerke fish food. 
Adult fish: Adult fish were fed daily by TetraWerke fish food (ingredients: fish 
and fish derivatives, cereals, yeast, vegetable protein extracts, molluscs and 
crustaceans, oils and fats, derivatives of vegetable origin, algae, various sugars 
contains EEC permitted colorants). Live daphnia juveniles were also provided 
three times a week. 
2.2.3 Breeding 
Mature male and female fish (12-week-old or older) were separated for 7-14 
days before breeding. One female and 3-5 males were placed together in the 
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morning in a breeding tank into which a glass tray covered by plastic net and 
plastic grass were placed in the afternoon to trap eggs. The eggs were removed 
the following morning since spawning was induced by the first light of the 
morning and was completed within a period of four hours. Pairs of male and 
female or trios of one female and two males swam closely together and the male 
pressed and curved his body around the female and fertilised her eggs as she 
laid them. The eggs, which were heavier than water, fell through the net away 
from the cannibalistic parents. No food was provided during breeding. 
Fertilisation time 0 was considered to be the midpoint of the 2 h egg-laying 
period after first light was introduced at 0700 h. 
2.2.4 Deehorionation of zebrafish eggs 
Zebrafish eggs were dechorionated using enzymatic digestion since this method 
offers a practical means for rapid, simultaneous dechorionation of many fish 
eggs (Hallerman et aI, 1988). Holtfreter's (1931) solution was made up with 3.5 g 
NaCl, 0.05 g Kel, 0.1 g CaClz, 0.2 g NaHC03 in 1 1 deionised water. Newly 
fertilised zebrafish eggs (1- to 3-h) were treated with 1 mg/ml trypsin (Table 2.2) 
made up in Holtfreter' s solution for 15-20 min at 30°C with constant shaking. 
These treatments were halted by addition of 5 % new-born calf serum 
(volume/volume in Holtfreter's solution), followed by several washes in 
Holtfreter's solution. Dechorionated embryos were then cultured in vitro in 
Holtfreter's solution for up to 7 days at 26°C. Information on the substances 
used for dechorionation is given in Table 2.2. 
2.3 The toxicity of cryoprotectants used for cryopreservation of zebrafish 
embryos 
Zebrafish embryos were obtained from the fish stock at the Research Centre, 
University of Luton. Fertilised embryos at gastrula (7-h, Plate 2.1a), 6-somite 
(12-h Plate 2.1b), heart beat (27-h, Plate 2.1c) and pre-hatch (49-h, Plate 2.1d) 
stages were used in the experiments. Newly fertilised embryos were washed 
using a fine steel mesh (180 J1m, ENDECOTTS Ltd., England) sieve and kept 
until required stage for the toxicity test in a glass tray (30 x 20 x 5 em, PYREX, 
England) with carbon-filtered and aerated tap water which was changed daily. 
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Table 2.2: Sources and purity of the chemicals used in this study 
ComEound 
Trypsin 
(from beef pancreas) 
New-born Calf Serum 
NaCI 
KCI 
CaCl2 
NaHC03 
Methanol 
Dimethyl sulfoxide 
(DMSO) 
Glycerol 
Ethanediol 
(Ethylene glycol) 
Acetamide 
Propane-1,2-diol 
(Propylene glycol) 
Butane-(±)2,3-diol 
Sucrose 
Trehalose 
Glucose 
Polyethylene glycol 400 
[HO(CHz.CHz.O)n.CH 
z.CHz.OH, n is about 7 
to 8J 
Rhodamine B 
Source 
BDB Limited Pool, England 
SIGMA Chemical Company 
St Louis, MO 63178, USA 
Aldrich Chemical Co. Ltd 
Aldrich Chemical Co. Ltd 
Aldrich Chemical Co. Ltd 
BDB Limited Pool, England 
Aldrich Chemical Co. Ltd 
BDH Limited Pool, England 
SIGMA Chemical Company 
BDH Limited Pool, England 
BDH Limited Pool, England 
BDH Limited Pool, England 
Aldrich Chemical Co. Ltd 
BDH Limited Pool, England 
Aldrich Chemical Co. Ltd 
BDH Limited Pool, England 
BDH Limited Pool, England 
BDH Limited Pool, England 
Purity 
Contains about 85 % 
lactose as diluent; 
activity about 0.5 
Anson (1938) units 
per gram. 
Cell culture reagents 
98 %minimum 
99 %minimum 
98 % minimum 
99.5 %minimum 
A.e.S. reagent 
99.5 %minimum 
99 % 
99.5 %minimum 
98 %minimum 
99.5 %minimum 
99% 
AnalaR 
99% 
AnalaR 
Laboratory reagent 
S~ot test regent 
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(c) Heart beat stage (27-h) zebrafi sh embryo 
(d) Pre-hatch stage (49-h) zebrafish embryo 

Plate 2.1: Zebrafish (Brachydanio rerio) embryos at different developmental stages 

used in the experiments. Embryos were fertilised and incubated at 26°C. 
Photomicrographs were taken using a phase contrast microscope x 20. The 
magnification of the final prints of the photomicrographs was 80. 
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Cryoprotectant solutions were prepared as required in carbon-filtered and 
aerated water. Zebrafish embryos at different developmental stages were 
studied with respect to the toxicity of eleven cryoprotectants - methanol, 
dimethyl sulfoxide (DMSO), glycerol, ethanediol, acetamide, propane-1,2-diol, 
butane-2,3-diol, glucose, trehalose, sucrose and polyethylene glycol 400. 
Information on the substances used for toxicity test is given in Table 2.2. Three 
replicates of 10 embryos each were used for each concentration of 
cryoprotectant, and all experiments were performed three times. 
2.3.1 Toxicity of cryoprotectants to zebrafish embryos at 22 °c 
2.3.1.1 Determination of maximum no observed effect concentration (NOEC) of 
cryoprotectants 
Gastrula (7-h), 6-somite (12-h), heart beat (27-h) and pre-hatch (49-h) stage 
embryos were exposed to methanol, DMSO, glycerol, ethanediol, acetamide, 
propane-l,2-diol, butane-2,3-diol at concentration of 0.5, I, 2 and 4 M, and 
glucose, trehalose, sucrose and polyethylene glycol 400 at concentration of 0.5, 1 
and 2 M for 30 min at room temperature (22 °C) in a one step addition, in tissue 
culture plates (STERILIN Ltd., England). One plate was used for each 
cryoprotectant in order to avoid interference between the cryoprotectants. The 
volume in each well was adjusted to 1 ml with carbon-filtered, aerated tap 
water. Toxicity trials were initiated by adding 1 ml of double-concentration 
cryoprotectants to the wells using a pipette. A solution of glucose (2 M), 
trehalose (2 M), sucrose (2 M) and polyethylene glycol 400 (2 M) was added 
directly in to the cells, water in the wells was removed previously. 2 m! carbon­
filtered and aerated tap water was used for control wells. Heart beat stage 
embryos were also exposed to 3 M methanol, DMSO, ethanediol, acetamide, 
propane-l,2-diol and butane-2,3-diol using the method mentioned above. 
2.3.1.2 Effect of exposure time on cryoprotectant toxicity 
Heart beat stage embryos were exposed to methanol, DMSO, ethanediol, 
acetamide and butane-2,3-diol (all 2 M) for up to 6 h at room temperature in a 
one step addition, in tissue culture plates using the method described in section 
2.3.1.1. 
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2.3.1.3 Effect of the addition of sucrose, glucose and trehalose on the toxicity of 
cryoprotectants 
Heart beat stage embryos were exposed to 3 M methanol, DMSO, ethanediol, 
acetamide and 4 M propane-l,2-diol supplemented with 0.5 M glucose, trehalose 
or sucrose solutions for 30 min at room temperature in a one step addition using 
the method described in section 2.3.1.1. 
2.3.1.4 Effect of gradual stepwise addition on cryoprotectant tOxicity 
Heart beat stage embryos were exposed to increasing concentrations of 
methanol, DMSO or ethanediol of 0.5, 1, 2 and 4 M at room temperature. 
Embryos were exposed to each concentration for 15 min in four steps. Solutions 
in the wells of tissue culture plate containing embryos were removed using 
pipette before a higher concentration was added. 
2.3.1.5 Cryoprotectant toxicity on dechorionated embryos 
Newly fertilised zebrafish eggs (1- to 3-h) were dechorionated using the method 
mentioned in section 2.2.4. Dechorionated embryos were then cultured in vitro in 
Holtfreter's solution until the development stage required for toxicity study. 6­
somite and heart beat stage embryos were exposed to methanol (2 M) and 
propane-1,2-diol (2 M for 6-somite stage, 3 M for heart beat stage) made up in 
Holtfreter's solution at room temperature in one step addition using the method 
described in section 2.3.1.1. 
2.3.2 Toxicity of cryoprotectant on zebrafish embryos at 0 °C 
Heart beat stage embryos were exposed to a range of concentrations (2, 3, 4, 5 
and 6 M) of methanol, DMSO, glycerol, ethanediol, acetamide, propane-1,2-diol 
and butane-2,3-diol for 30 min in a one step addition at 0 0c. Embryos were 
placed in tissue culture plates which were placed in an ice-water bath (O°C) and 
held for 10 min before cryoprotectant was added, cryoprotectant solutions and 
the pipette used for the experiment were also pre-cooled in the ice-water bath. 
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2.3.3 Removal of cryoprotectant 
For all cryoprotectant toxicity experiments, after an equilibration period, the 
contents of each well were removed and drained through a fine mesh (180/-Lm) 
sieve. The embryos retained on the sieve were thoroughly rinsed three times 
with carbon-filtered, aerated tap water and then transferred to beakers 
containing 100 ml of carbon-filtered, aerated tap water which was changed 
daily. Embryo-larvae survival was recorded every 24 h for 7 days and dead, 
unhatched embryos, or dead larvae were removed. The dead embryos turned 
opaque and appeared milky-white against the black background of the 
laboratory table cover whereas the dead larvae were recognised under a low­
power microscope by the absence of heart beat or loss of pigmentation which 
occurred immediately after death. No food was provided during the 
experiments. Toxicity was evaluated in tenns of percentage hatch and 7 -day 
survival. 
2.4 Controlled slow cooling of zebrafish embryos 
These experiments were confined to gastrula, 6-somite, heart beat and pre-hatch 
stage embryos on four cryoprotectants - methanol, DMSO, ethanediol and 
propane-1,2-diol. Both cooled (without cryoprotectant) and non-cooled controls 
were used. Two replicates of straws were used for each experiment, and all 
experiments were performed three times. 
2.4.1 One step addition cryoprotectant experiments 
2.4.1.1 Pre-cooling treatments 
Embryos were treated with various cryoprotectant solutions (fable 2.3) in a one 
step addition at room temperature (22 °C). The embryos in cryoprotectant 
solutions were then placed in straws (MULTICOLOR™, 0.5 ml, Cassou, France) 
using a syringe, with 20-30 embryos in each straw. The straws were located in 
the chamber of a controlled rate cooler (KRYO 10, Series II, Planer Products Ltd., 
England) (plate 2.2) at a temperature of 20 °e. 
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Plate 2.2: KRYO 10, Series II controlled rate cooler (planer Products Ltd., 
England) used for controlled slow cooling experiments . 
2.4.1.2 Cooling procedures 
2.4.1.2.1 Nitrogen cooling 
Gastrula, 6-somite, heart beat and pre-hatch stage embryos were used in these 
experiments. The controlled rate cooler was used with an unpressurised liquid 
nitrogen storage vessel Planer MVE LAB 30 dewar fi tted with a liquid nitrogen 
pump (plate 2.3). The zebi'afish embryos W ETe cooled to various subzero 
temperatures in straws by the following programmes: 
a) Starting temperature: 20°C 
b) Cooling rate _2°C / min to 0 °C 
c) Cooling rate -1°C / min to seeding temperature (when ice nucleation was 
introduced manually to ensure that ice formed at near equilibrium conditions) 
d) Holding at seeding temperature for 10 min 
e) Cooling rate -0.1, -0.2, -0.3, -0.5, -0.75 or -1°C / min to -30°C 
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Plate 2.3: Liquid nitrogen storage vessel (Planer MVE LAB 30 dewar) and liquid 
nitrogen pump used for controlled rate cooler in controlled slow cooling 
experiments. 
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Table 2.3: Pre-cooling treatment of the embryos with one step addition for 
controlled slow cooling 
Embryo stage CryoErotectant (M) Treatment Eeriod (h) 
Controlled cooling using N2 
Gastrula Methanol (2) 0.5 
6-somite Methanol (2) 0.5 
Heartbeat Methanol (2) 0.5, 1,2 
Methanol (3) 0.5,1 
Methanol (4) 20 min 
DMSO (2) 1 
Ethanediol (2) 0.5 
Propane-1,2-diol (2) 1 
Pre-hatch Methanol (2) 0.5 
Controlled cooling using alcohol 
Heartbeat Methanol {22 1 
Ice nucleation was induced in the suspending cryoprotectant at -7.5 °C (2 M), -10 
°C (3 M) and -12.5 °C (4 M) by touching the end surface of the straws with a pair 
of tweezers previously cooled in liquid nitrogen. The straws were maintained 
for 10 minutes at ice-seeding point. After seeding the straws were taken out 
separately at required chamber temperatures (-10, -IS, -20, -25 and -30°C). 
2.4.1.2.2 Alcohol cooling 
After equilibration in cryoprotectant, because the cooling rate to the seeding 
temperature is unimportant (Schneider and Mazur, 1984), the container (with 40­
60 embryos) together with cryoprotectant solution was directly placed in a pre­
cooled alcohol bath at _5°C and embryos were cooled to -30 °C at 0.3 °C / min 
with ice nucleation induced at -7.5 0c, Embryos with ice formation within the 
egg were counted during cooling. The formation of ice within the egg was 
visually apparent since these eggs turned white. Crystals could be identified if 
the eggs were examined under a microscope. 
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2.4.1.3 Thawing and removing of cryoprotectants 
For nitrogen cooling, after removal from the cooler, the straws were either 
thawed immediately in a water bath (25°C, - 300 °C/min) or at a slow rate of 10 
°C/min using the KRYO cooler. The embryos were then transferred to beakers, 
washed free of cryoprotectant, and incubated in carbon- filtered tap water at 26 ° 
C. After fast thawing in 25°C water bath, some embryos were also placed in 0.2 
M sucrose for 15 min before being moved to carbon-filtered tap water. 
2.4.2 Stepwise addition of cryoprotectants 
Heart beat stage embryos were exposed to different concentrations of methanol 
at room temperature prior to further exposure at 0 °C (Table 2.4). The embryos 
together with cryoprotectant solutions were transferred to straws with 20-30 
embryos each and placed in the controlled cooler held at 0 0c. Embryos were 
then cooled and thawed using the methods described in section 2.4.1.2.1 and 
2.4.1.3. 
Table 2.4: Pre-cooling treatment with stepwise addition of methanol for 
controlled slow cooling 
Embryo Cone. Treatment Holding Replace Treatment period 
stage (M) period at 0 °C Cone. at 0 °C (min) 
at 22°C (h) {min} (Ml 
7-h 2 0.5 15 3 15 
7-h 2 + 0.05 0.5 15 3 + 0.05 15 
sucrose sucrose 
27-h 2 0.5, 1.5 15 3 15 
27-h 2 0.5 15 4 15 

27-h 2 + 0.05 0.5 15 3 + 0.05 15 

sucrose sucrose 
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2.5 Effect of chilling and non-freezing storage at zero and subzero temperatures 
on the survival of zebrafish embryos 
The survival of embryos at different developmental stages exposed to a range of 
concentrations of cryoprotectants at low temperatures was determined. These 
experiments were carried out using a Grant LTD 20 low temperature bath (Plate 
2.4). Two replicates of 12 to 15 embryos for each regime were used and 
experiments were performed twice. 
2.5.1 Effect of chilling on the survival of embryos at zero and subzero 
temperatures 
2.5.1.1 Chilling of intact embryos at zero and subzero temperatures 
Embryos were used at developmental stages of 3-, 7-, 10-, 12-, 15-, 20-, 27-, 34-, 
40-, 45- and 49-h, after incubation at 26°C. Embryos were contained in test tubes 
containing carbon-filtered and aerated tap water (2 ml, 22°C) and the tubes 
then placed in a pre-cooled low temperature bath at 0 °C for up to 24 hours. In 
addition,27-h developmental stage embryos were placed in the low temperature 
bath at 0 °C and subsequently cooled to _5°C or -10°C at an approximate rate of 
0.6 DC/min respectively and held at those temperatures for up to 3 hours. After 
cooling, the tubes containing the embryos were quickly warmed in 25°C water 
then incubated at 26 °C for 5 days. Embryo survival, in the absence of ice, was 
evaluated in terms of the percentage hatch, normalised with respect to the 
corresponding controls at 26°C. 
2.5.1.2 Chilling of dechorionated embryos 
Newly fertilised embryos were dechorionated using the method mentioned in 
section 2.2.4 and cultured in vitro in HoItfreter's solution. Embryos at 
developmental stages of 12- and 27-h (at 26°C) were used in these experiments. 
Test tubes containing embryos in Holtfreter's solution were placed in the pre­
cooled low temperature bath at 0 °C for up to 24 hours. After cooling, embryos 
were quickly warmed in 25°C water bath and incubated at 26 °C for 5 days. 
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Plate 2.4: Grant L TO 20 low temperature bath used for embryo chilling 
sensitivity studies. 
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2.5.2 Non-freezing storage of zebrafish embryos at zero and subzero 
temperatures 
Heart beat stage embryos (27-h) were held in wells of tissue culture plates. 
Cryoprotectants were added and removed in a stepwise manner during cooling 
and warming in order to minimise the toxicity and to prevent ice formation in 
the bulk solution. Changes in cryoprotectant were achieved by decanting the 
bathing solution and replacing it with the new cryoprotectant mixture at the 
required temperature. A variety of cryoprotectant mixtures and concentrations 
were studied. 
Before storage, embryos were exposed (30 min, room temperature) to the 
indicated cryoprotectant solution made up in carbon-filtered, aerated tap-water. 
Subsequently, the embryos were transferred to test tubes, using a pipette and 
placed in a low temperature bath at 0 DC where the embryos were allowed to 
cool. In those cases where the cryoprotectant was methanol (2 M) + sucrose (0.05 
or 0.1 M) then this was replaced with methanol (3 M) and the corresponding 
concentration of sucrose, which was pre-cooled to 0 DC. Those embryos which 
were stored at 0 °C were held at this temperature for up to 48 h. In all other 
cases, the bath was cooled to the holding temperature at a rate of approximately 
0.6 DC/min.. In those cases where the cryoprotectant was methanol (3 M) + 
sucrose (0.1 M) then this was replaced with methanol (4, 5 and 6 M) + sucrose 
(0.1 M) when the temperature reached -5, -10 and -15°C, respectively. After 
cooling and storage at the indicated temperature, the embryos were warmed by 
step-wise transfer into cryoprotectant solutions, in the reverse order to the 
cooling sequence. When the temperature reached 0 °C, embryos were quickly 
warmed to 25°C in a water bath, washed free of cryoprotectants and incubated 
at 26 DC for 5 days. Embryo survival was recorded daily and evaluated in terms 
of percentage hatch. 
2.6 Vitrification of zebrafish embryos 
6-somite and heart beat stage embryos and a range of cryoprotectants and the 
mixtures were studied in these experiments. Three replicates were used for each 
regime and experiments were performed three times for the toxicity studies and 
at least five times for other studies. 
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2.6.1 Vitrification characteristics of single cryoprotectant 
Methanol, DMSO, ethanediol, glycerol, acetamide, propane-1,2-diol and butane-
2,3-diol, were chosen as cryoprotectants for these experiments. A range of 
concentrations (0.5 - 12 M) was prepared in carbon-filtered tap water, fresh 
solutions were used for each experiment. Commercial transparent plastic straws 
(0.5 ml) were used to determine the minimum concentration required for the 
vitrification of solution under normal quenching conditions. Straws containing 
the cryoprotectant at room temperature were plunged directly in to liquid 
nitrogen for 5 min and then warmed in a water bath at 25°C, Vitrification was 
determined by direct visual inspection (Rall and Fahy, 1985; Fahy et aI, 1984; 
Takahashi et aI, 1986 and Scheffen, 1986). Ice formation was apparent due to 
whitening of the solution, whilst those straws remaining transparent 
corresponded to vitrified solutions. 
2.6.2 Vitrification characteristics of cryoprotectant mixtures \ 

In these experiments, glucose, sucrose, trehalose (all 0.5 M) or polyethylene 
glycol 400 (0.5 M or 6 %w Iv) were combined with a range of concentration (1 ­
8 M) of single cryoprotectant and their mixtures at room temperature, 
vitrification characteristics of these solutions were determined with both 0.25 
and 0.5 ml straws (MUL TIeOLOR TN , Cassou, France) using the method 
described in section 2.6.1. 
2.6.3 Toxicity of vitrification solutions 
6-somite and heart beat stage embryos (10 per solution) were exposed to DMSO 
(2 M), propane-1,2-diol (2 M) or methanol (2 M) at room temperature for 30 min 
before exposed to the corresponding vitrification solutions (DMSO, propane-l,2­
diol and polyethylene glycol; propane-l,2-diol, butane-2,3-diol and polyethylene 
glycol; methanol, propane-l,2-diol and polyethylene glycol, respectively) for 5, 
10, 15 and 20 min at both 22 and 0 °C in tissue culture plates using the methods 
described in sections 2.3.1 and 2.3.3. 
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2.6.4: Vitrification of zebrafish embryos 
6-somite and heart beat stage embryos were exposed to varying mixtures of 
propane-l,2-diol, butane-2,3-diol, DMSO, methanol or polyethylene glycol 400 in 
two step additions (Table 2.5). 
After exposure in vitrification solutions at either 22 or 0 °C for 5 min, embryos 
together with -40 f..ll vitrification solutions were quickly loaded into 0.25 ml 
straws (with 4 - 6 embryos each straw). The straws already contained 200 j.ll of 
0.5 M of sucrose which was separated from the vitrification solution by an air 
bubble. The straws were then rapidly plunged into liquid nitrogen. After the 
straws were maintained at -196°C for 5 minutes, they were thawed in a 25°C 
water bath for 5 seconds and vitrification solution containing embryos together 
with sucrose solution were placed in 0.5 M sucrose for 10 min before washed 
with carbon-filtered and aerated tap water, embryos were then placed in beakers 
and incubated at room temperature of 26 0c. Morphological survival was 
examined after vitrification. Morphologically intact embryos were defined 
immediately after treatment as those that possessed an intact vitelline membrane 
and, yolk and embryo structure were morphologically normal. 
2.7 Permeability of zebrafish embryos to water and cryoprotectants 
Computer aided real time video microscopy was used in these studies. The 
dynamic volumetric changes of zebrafish eggs during cryoprotectants exposure 
were recorded, measured and analysed. 
2.7.1 System used for permeability studies of zebrafish eggs 
The system used for zebrafish egg permeability studies consisted of a light 
microscope (SM2-10, Nikon, Japan), a video camera, a video recorder connected 
to a TV monitor, and a Macintosh llX microcomputer (Plate 2.5). The video 
camera was connected at the top of the microscope for capturing the microscope 
image which was recorded through the video recorder and monitored by 
television monitor. Once the experiments were recorded, the video tapes were 
digitised and analysed using MIC VideoSnap TM (VideoLogic, England) and NIH 
Image programmes (1.47, Wayne Rasband, US National Institutes of Health). 
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Table 2.5 Vitrification solutions and treatment procedures 
Concentration of Exposure concentration 
Vitrification solutions cryoprotectants (M) time at 22 ° of vitrification 
C (min} solution (% ) 
DMSO (2M)+ 2MDMSO 30 100 (at O°C) 
propane-l,2-diol (3 M) 
+ polyethylene glycol 
(0.5 M) [DPP] 
Propane-l/2-diol (3 M) 2 M propane-l,2-diol 30 100 (at 22°C) 
+ butane-2,3-diol (2 M) 
+ polyethylene glycol 
(6 %) [BPPJ 
Methanol (2 M) + 2 M methanol 30 100 (at O°C) 
propane-l,2-diol (4 M) 
+ polyethylene glycol 
{6 %} [MPP] 
2.7.2 Measurement of fractional volume of zebra fish eggs during cryoprotectant 
exposure 
Fertilised embryos at gastrula and heart beat stages were used for these 
experiments. 
2.7.2.1 Effect of temperature on egg permeability to cryoprotectants 
2.7.2.1.1 Egg permeability to cryoprotectants at room temperature (22 DC) 
Nine cryoprotectants - methanol, DMSO, glycerol, ethanediol, acetamide, 
propane-l,2-diol, butane-2,3-diol, glucose and sucrose - were used for these 
experiments. Fresh solutions of methanol, DMSO, glycerol, ethanediol, 
acetamide, propane-l,2-diol, butane-2,3-diol (all 2 M) and glucose and sucrose 
(both 1 M) were prepared in carbon-filtered tap water. These experiments were 
carried out at room temperature of 22 °C with 10 embryos for each 
cryoprotectant. 
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Plate 2.5: The system used for zebrafish egg permeability studies. It consists of a 
light microscope (5M2-l0, Nikon, Japan), a video camera, a video recorder 
connected to a TV monitor, and a Macintosh IIX microcomputer. 
Heart beat stage zebrafish embryos were placed on a cavity slide by pipette, and 
recorded for 1 min prior to cryoprotectant treatment. The water was then 
removed and cryoprotectant was added on the cavity slide by pipette. 
Volumetric changes of the embryos were recorded on video tape for 40 min 
using real time video microscopy during the exposure of each of the 
cryoprotectants. 
2.7.2.1.2 Egg permeability to cryoprotectants at 0 °C 
Four cryoprotectants - methanol, DMSO, propane-l,2-diol, butane-2,3-diol and 
sucrose - were used for these experiments. Fresh solutions were prepared in 
carbon-filtered tap water. Heart beat stage zebrafish embryos were placed in a 
10 ml beaker by pipette which was placed in an ice-water bath (0 °C) under the 
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microscope and held for 10 min before cryoprotectant was added. Embryos were 
recorded for 1 min prior to cryoprotectant treatmentl and then water was 
removed and cryoprotectant (also previously cooled in an ice-water bath) was 
added to the beaker. Volumetric changes of the embryos were recorded on video 
tape for up to 2 h using real time video microscopy during the exposure of each 
of the cryoprotectants. 6 embryos were used for each of the cryoprotectants. 
2.7.2.2 Effect of embryo development stage on the permeability to 
cryoprotectants 
In addition to heart beat stage embryos, gastrula stage embryo permeability to 
four cryoprotectants was investigated at room temperature (22°C). Permeation 
of methanol, DMSO, propane-1,2-diol and butane-2,3-diol was described using 
the method mentioned in section 2.7.2.1.1. 
2.7.2.3 Image analysis 
Microscopy video images of zebrafish embryos (magnification 0.66 x 10) were 
digitised using the MIC VideoSnap""" programme. These images were analysed 
by the NIH Image programme hosted by a Macintosh IIX microcomputer. Egg 
case edges were traced by enabling the thresholding function whenever 
necessary. The shapes of zebrafish embryo egg cases during an osmotic 
excursion were irregular but approximated an ellipse. The major and minor axes 
were measured (three measurements were made for each axis) by the computer. 
2.7.2.4 Calculation of egg volumes 
Embryo volume was calculated as the ellipsoid formed by rotation of the ellipse 
about the major axis. Thus, it was assumed in calculating the fractional volume 
that the unseen minor diameter of the embryo was proportional to the visible 
one during contraction, using the relationship: 
V = 4 rcab2 

3 

Where V is volume, a is the semi-major axis and b is the semi-minor axis. 
Calculations were based on the measurements of ten individual embryos. 
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2.7.2.5 Assessment of permeability of embryo membranes using rhodamine 
Both intact and dechorionated embryos were used in this experiment. Gastrula 
and 6-somite stage embryos were dechorionated using the method described in 
section 2.2.4. Embryos were placed on a cavity slide by pipette, embryo medium 
was removed before 0.1 % (w:v) rhodamine B (made in carbon-filtered tap water 
for intact embryos and Holtfreter's solution for dechorionated embryos) was 
dropped on the embryos. After the 5-min staining period, rhodamine was 
removed by pipette and the colour of the embryos were examined using a 
microscope. 
2.8 Viability assessment 
For cryoprotectant toxicity studies, embryo viability was evaluated in terms of 
percentage hatch and 7 -day survivaL For controlled slow cooling, chilling 
sensitivity and non-freezing storage studies, embryo viability was evaluated in 
terms of percentage hatch. For vitrification studies, morphological survival of the 
embryos were examined. Morphologically intact embryos were defined as those 
that possessed an intact vitelline membrane and, yolk and embryo structure 
were morphologically normal. 
2.9 Data handling 
2.9.1 Normalisation of embryo survival 
For experiments using embryos at different developmental stages, the survival 
of untreated control embryos were variable from experiment to experiment, in 
these cases,experimental survivals were normalised to the survival of the 
corresponding control as follows: 
Normalised survival (%) = 
100 
x experimental survival (%)
untreated control survival (%) 
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2.9.2 Statistical analysis 
For cryoprotectant toxicity studies, nine measurements were made (n=9), with a 
total of 90 embryos, for each concentration. For controlled slow cooling 
experiments, six measurements were made (n=6), and the total number of 
embryos used was in the range 134-178, for each protocol. For embryo chilling 
sensitivity and non-freezing storage studies, four measurements were made 
(n=4), and the total number of embryos used was in the range 49-58, for each 
treatment. For vitrification studies, at least fifteen measurements were made (IU! 
15), and the total number of embryos used was in the range 76-124, for each 
regime. For embryo permeability studies, 10 embryos were used for each 
treatment (n=10). 
2.9.2.1 Measurement uncertainties 
Where measurements are quoted numerically then the standard deviation (n-l) 
is indicated by the ':t' values. In graphs, the standard deviation is shown by a 
bar. 
2.9.2.2 Determination of differences between treatments 
Student's t-test (P < 0.05) was applied to determine differences in results between 
treatments. 
2.10 Photomicrography of zebrafish embryos 
The phase contrast microscope and photomicrographic camera with basic unit, 
focusing eyepiece, mechanical shutter and type C-35 camera attachment (Carl 
ZEISS, Germany) were used for photomicrography of zebrafish embryos. The 
objective magnification was 20. The light of the microscope was adjusted to 
allow a shutter speed of 1/1255. ISO 400 /270 films (Kodak Gold II) were used for 
colour photOmicrography. 
66 

Chapter 3: The toxicity of cryoprotectants used for cryopreservation of 
zebrafish (Brachydanio reno) embryos 
3.1 Introduction 
The selection of an appropriate cryoprotectant is of great importance in embryo 
cryopreservation. In principle, all of the postulated problems in cryobiology can 
be solved by selection of a sufficiently high concentration of cryoprotectant prior 
to freezing. However, the concentration of cryoprotectant required for the 
complete suppression of freezing injury can harm rather than protect the system 
(Fahy, 1986). Therefore, the major limitation to successful cryopreservation of 
sensitive cells, tissues and organs is the toxicity of cryoprotective agents 
(Arakawa et aI., 1990). As a basis for embryo cryostorage research, information 
on the relative toxicity of cryoprotectants is of key importance. 
DMSO and glycerol are the two most commonly used cryoprotectants, methanol 
and ethanediol are also frequently used in conventional cryobiology. Acetamide 
was reported as a cryoprotectant neutraliser (Fahyand Hirsh, 1982; Fahy, 1983) 
which had the ability to block DMSO induced impairment of renal cortical 
electrolyte homeostasis and was effective at preventing enzyme activation. 
Propane-1,2-diol was reported as a cryoprotector (Lovelock, 1954; Vos and 
Kaalen, 1965) but it was rarely used for cryoprotection until recently (Fahy and 
Hirsh, 1982; Fahy et al., 1984; Boutron, 1987; Chao et al., 1992). Propane-1,2-diol 
and butane-2,3-diol have been successfully used as cryoprotectants for several 
biolOgical cells by vitrification (Rall and Fahy, 1985; Scheffen et al., 1986; 
Boutron, 1992). Sucrose has been shown to afford protection during cooling to 0 
°C (Kasai et aI., 1981, 1983) and in combination with a penetrating cryoprotectant 
during freezing in liquid nitrogen (Takahashi and Kanagawa, 1985). Sucrose was 
also used to shrink embryos osmotically prior to freezing (Rall, 1987), by virtue 
of being a non-permeating solute (Mazur, 1990) and for dilution of 
cryoprotectants after thawing (Scheffen et al., 1986; Zhang et al., 1989, Shaw et aI., 
1992) to avoid osmotic shock (Leibo and Mazur, 1978). Trehalose was also used 
in cryopreservation (Strauss and Ingenito, 1980; Roberson, 1989) and it was 
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shown that membrane vesicles can be dehydrated in the presence of trehalose, 
with no evidence of the phase transitions that normally accompany the 
dehydration (Crowe et al., 1983). Glucose was reported to have cryoprotective 
effect on cod-surimi proteins during frozen storage (Sych, 1990). The presence of 
polyethylene glycol 400 has been reported to reduce critical cooling rates of 
vitrification solutions, and the degree of reduction was greater than sugars such 
as sucrose, glucose, trehalose and raffinnose (Sutton, 1992). 
All of these cryoprotectants are reported to be moderately toxic (Asahina and 
Takahashi, 1978; Harvey et al., 1983; Willhite and Katz, 1984; Robertson et al., 
1988; Chao et ai., 1992; Renard and Cochard, 1989). The toxicity of 
cryoprotectants limits the concentration that can be used before and during 
freezing and therefore limits the cryoprotective efficacy of these agents. There is 
evidence that cryoprotective agents, despite their benefits, can actually playa 
direct role in producing cryoinjury (Fahy, 1986). Cryoprotectant toxicity has 
been increasingly studied in the last few years using various biological 
materials, but relatively little work has been done on the relative toxicity of 
cryoprotectants on fish embryos, especially of those cryoprotectants which have 
recently been used in vitrification studies such as propane-l,2-diol and butane-
2,3-diol. In this study the tOxicity of cryoprotectants on zebrafish embryos was 
examined prior to studies of other factors in fish embryo cryopreservation. Both 
intact and dechorionated embryos at different developmental stages were used. 
The effect of cryoprotectant exposure temperature, cryoprotectant concentration, 
exposure period, exposure method, and the addition of sugars to cryoprotectant 
solution on cryoprotectant toxicity were studied. 
3.2 Results and discussions 
3.2.1 Toxicity of cryoprotectant to zebrafish embryos at 22 °C 
The toxicity of a range of cryoprotectants to zebrafish embryos at four 
developmental stages (gastrula, 6-somite, heart beat and pre-hatch) was studied 
by exposure to concentrations of 0.5, 1,2, 3 and 4 M. Embryos were exposed to 
cryoprotectant for 0.5 - 6 h with either single or stepwise addition. Hatch and 7­
day survival was monitored. 
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3.2.1.1 Maximum no observed effect concentration of cryoprotectants 
The maximum no observed effect concentration (NOEC) of eleven tested 
cryoprotectants was determined for gastrula, 6-somite, heart beat and pre-hatch 
stages of zebrafish embryos exposed for 30 min at room temperature and the 
results are given in Table 3.1. NOEC of cryoprotectants ranged from 0.5 M 
(sucrose, trehalose and polyethylene glycol 400) to 3 M (propane-l,2-diol). The 
reduction of embryo survival percentage at concentrations above NOEC ranged 
from 10 % (4 M propane-l,2-diol) to 100 % (3 M ethanediol and acetamide) (Fig. 
3.1. see also Appendix I). There was no significant differences of maximum 
NOEC between embryo stages for methanol (2 M), DMSO (2 M) or sucrose (0.5 
M). Post-heart beat stages were more resistant to glycerol, ethane dial and 
propane-l,2-diol. 
Table 3.1: Maximum no observed effect concentration of cryoprotectants 
for gastrula, 6-somite, heart beat and pre-hatch stages of zebrafish 
embryos 
Cryoprotectants Gastrula 6-Somite Heartbeat Pre-hatch 
concentration / M (%) 
Methanol 2 (8.1) 2 (8.1) 2 (8.1) 2 (8.1) 
Dimethyl sulfoxide 2 (14.2) 2 (14.2) 2 (14.2) 2 (14.2) 
Glycerol 0.5 (3.7) 0.5 (3.7) 1 (7.3) 1 (7.3) 
Ethanediol 1 (5.6) 1 (5.6) 2 (11.2) 2 (11.2) 
Sucrose 
Acetamide 
Propane-l,2-diol 
Butane-2,3-diol 
Trehalose 
Glucose 
Polyethylene glycol 
0.5 (10.5) 
It 
It 
.. 
.. 
.. 
.. 
0.5 (10.5) 
.. 
2 (14.6) 
.. 
.. 
.. 
.. 
0.5 (10.5) 
2 (8.8) 
3 (21.9) 
2 (18.0) 
0.5# (12.0) 
1.0 (11.0) 
0.5 (17.9) 
0.5 (10.5) 
.. 
.. 
.. 
* 
.. 
It 
400 
Embryos were exposed to cryoprotectants at room temperature for 30 min. 

Percentages in brackets are on a volume basis. 

# Significantly improved survival. .. Not determined. 
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Fig. 3.1 Cryoprotectant toxicity to heart beat stage zebrafish embryos 
treated with different concentratios of cryoprotectants for 30 min at 
22°C in a one step addition. Control hatch averaged 83.5%. 
.. Indicates that Uie measured values were significantly below 
the control values (t .. 3.04 to 68.24, P < 0.05). 
3.2.1.2 Effect of exposure time on cryoprotectant toxicity 
The maximum NOEC for methanol, DMSO, ethanediol, acetamide and butane-
2,3-diol were all shown to be 2 M when exposed for 30 min at 22 dc. The effect of 
longer exposure time (up to 6 h) on cryoprotectant toxicity (2 M) was studied 
(Fig. 3.2). Heart beat stage embryos exposed to methanol for up to 5 h, DMSO 
and butane-2,3-diol for up to 2 h, acetamide for 1 h at room temperature 
developed normally. However, both hatching and survival of embryos were 
significantly reduced when treated with ethanediol for 1 h. 
3.2.1.3 Effect of glucose, trehalose and sucrose on the toxicity of cryoprotectant. 
The effect of the addition of glucose, trehalose and sucrose on the toxicity in 
binary cryoprotectant solutions (3 or 4 M cryoprotectant + 0.5 M sugars) to heart 
beat stage embryos for 30 min at 22°C was studied (Fig. 3.3). Sucrose reduced 
the toxicity of the four tested cryoprotectants with the greatest reduction shown 
to methanol (t = 3.56 to 14.13, P < 0.05). Trehalose reduced the toxicity of DMSO, 
propane-l,2-diol and acetamide with the greatest reduction shown to DMSO (t = 
2.92 to 16.31, P < 0.05). Glucose slightly reduced the toxicity of propane-1,2-diol 
(t = 2.30, P < 0.05). 
3.2.1.4 Effect of gradual stepwise addition on cryoprotectant toxicity 
Methanol, DMSO and ethanediol toxicity on heart beat stage embryos was also 
studied using gradual stepwise addition to examine if such a method would 
reduce cryoprotectant toxicity. Hatch and survival percentages of heart beat 
stage embryos were significantly reduced after embryos were exposed to 
methanol, DMSO or ethanediol from 0.5 to 4 M by four steps at room 
temperature with 15 min incubation at each concentration (t =4.39 to 9.26, P < 
0.05). The hatch percentages were: control 83.5 ± 11.6 %; methanol 68.4 ± 8.8 % 
and DMSO 4.4 ± 5.8 %. There was no survival after ethanediol treatment. 
3.2.1.5 Effect of cryoprotectant toxicity on dechorionated embryos 
Dechorionated embryos at 6-somite and heart beat stages were exposed to 2 M 
methanol,2 M (6-somite) or 3 M (heart beat) propane-l,2-diol (NOEC of intact 
embryos at the same stages). Embryos were exposed at room temperature for 30 
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Fig. 3.2 Cryoprotectant toxicity to heart beat stage zebrafish 
embryos treated for up to 6 Ii at 22°C in a one step addition. 
Cryoprotectant concentration was 2 M. Embryo survival was 
significantly reduced after exposure to methanol for 6 h, DMSO 
and butane-2,3-diol for 3 h, acetamide for 2 h, ethanediol for 1 
h (t 2.57 to 47.2, P < 0.05).I: 
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Fig. 3.3 Effect of the addition of glucose, sucrose and trehalose on the 
toxicity of cryoprotectants to heart beat stage zebrafish embryos. 
Bmbryos were exposed to cryoprotectants for 30 min at 22°C in a one 
step addition. Control hatch averaged 91.2 %. 
min in a one step addition and the comparison of the effect of these 
cryoprotectants on both intact and dechorionated embryos is shown in Fig. 3.4. 
Dechorionated embryos at the earlier development stage (6-somite) appeared to 
be more sensitive to cryoprotectant toxicity than the later development stage 
(heart beat). Embryo survival of dechorionated 6-somite was significantly 
reduced with both methanol and propane-1,2-diol treatment (t =2.72 to 10.87, P 
< 0.05) whilst survival of dechorionated heart beat stage embryos was only 
significantly reduced with methanol treatment (t =4.84, P < 0.05). 
3.2.2 Toxicity of cryoprotectants on zebrafish embryos at 0 °C 
The toxicity of cryoprotectants to heart beat stage embryos at 0 °c was studied 
(Fig. 3.5). The maximum concentrations of cryoprotectants that did not reduce 
hatch or survival for heart beat stage embryos at 22 °C and a °C are shown in 
Table 3.2. At 0 °C, the toxicity of methanol, DMSO, glycerol, ethanediol, and 
acetamide was significantly reduced. The greatest reduction was recorded for 
methanol (5 M at 0 °c as opposed to 2 Mat 22°C). Propane-1,2-diol and butane-
2,3-diol toxicity was not reduced at 0 0c. 
Table 3.2: Comparison of maximum NOEC of cryoprotectants 
for heart beat stage embryos at 22 °c and 0 °C 
Cryoprotectants 22 °C aoc 
Concentration / M (%) 
Methanol 2 (8.1) 5 (20.3) 
DMSO 2 (14.2) 3 (21.3) 
Glycerol 1 (7.3) 2 (14.6) 
Ethanediol 2 (11.2) 3 (16.8) 
Acetamide 2 (8.8) 3 (13.2) 
Propane-l/2-diol 3 (21.9) 3 (21.9) 
Butane-2,3-diol 2 (18.0) 2 (18.0) 
Embryos were exposed to cryoprotectants for 30 min. Percentages in brackets are 
on a volume basis. 
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embryos at 0 C. Embryos were treated with different concentrations 
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averagea 98.2 %. - Indicates that the measured values 
were significantly below the control values (t = 2.87 to 21.3, P < 0.05). 
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The toxicity studies of cryoprotectants on zebrafish embryos showed that on a 
molar-equivalency basis, the toxicity of the tested cryoprotectants increased in 
the order: propane-l,2-diol, methanol, DMSO, butane-2,3-diol, acetamide, 
ethanediol, glycerol, glucose, trehalose, sucrose and polyethylene glycol 400. (On 
a volume-to-volume basis, the toxicity increased in the order: propane-1,2-diol, 
butane-2,3-diol, polyethylene glycol 400, DMSO, trehalose, ethanediol, glucose, 
sucrose, acetamide, methanol and glycerol). 
The results for methanol, DMSO, glycerol, ethanediol and sucrose are in general 
agreement with previous studies (Table 3.3). No previous reports were found of 
the toxicity of propane-l,2-diol, butane-2,3-diol, acetamide, trehalose, glucose or 
polyethylene glycol to fish embryos although small abalone (Haliotis diversicolor) 
eggs were reported to tolerate 2.5 M acetamide (Hus et aI., 1992) and butane-2,3­
diol (> 2 M) was shown to cause a marked deformation of the spherical shape of 
mouse oocytes and surrounding zona during osmotic shrinkage (Todorov et aI., 
1993). In addition, propane-I,2-diol was reported to have low toxicity in much 
earlier studies (Smyth, 1952; Sax, 1965) and methanol to have low toxicity to 
mammalian cells (Ashwood-Smith and Lough, 1975), frog hearts (Rapatz, 1973), 
pacific oyster (Crassostrea gigas) embryos (Renard and Cochard, 1989) and 
mammalian cardiac explant (Yang et ai., 1993). The results of the toxicity of these 
cryoprotectants on zebrafish embryos provided useful information for 
cryopreservation studies of these embryos. Propane-1,2-diol, methanol, DMSO 
and butane-2,3-diol were less toxic to zebrafish embryos than the other 
cryoprotectants tested and therefore appeared to be more suitable for zebrafish 
cryopreservation. A particular concentration-time dose of cryoprotectant which 
permits survival of embryos does not imply that adequate cryoprotection will be 
afforded by that dose. Adequate cryoprotection also depends upon the 
penetration of cryoprotectants and the temperature at which cryoprotectants are 
introduced (Robertson et al., 1988). Harvey et al. (1983) showed that 1 M DMSO 
reached only about 2.5 %of the expected equilibrium level in zebrafish embryos 
after 2 h at room temperature. Stepwise addition of cryoprotectants at 22°C did 
not improve embryo survival for rainbow trout and coho salmon eggs as 
observed by Stoss and Donaldson (1983). 
Cryoprotectants are less toxic at low temperatures (Ben-Amotz and Rosenthal, 
1981), because the cosolvent is preferentially excluded from the protein, and the 
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eryoprotectant 
Methanol 
DMSO 
-l 
00 
glycerol 
Ethanediol 
Sucrose 
Table 3.3 Literature reports of maximum NOEC of cryoprotectants for fish embryos 
Cone. Species Developmental stage Exposure time Exposure 	 References 
{M} temEerature 
2 red drum morula, tail bud 20 min room Robertson et al., 1988 
1 zebrafish gastrula 2h 23°C Harvey et al., 1983 
<1 rainbow trout immediately 30 min ooe Stoss and Donaldson, 
after insemination gradual addition 1983 
1 coho salmon immediately 30 min Stoss and Donaldson, O°C 
after insemination gradual addition 1983 
2. red drum morula, tail bud 20 min room Robertson et al., 1988 
1 herring 4-8 cells 30 min ooe Ben-Amitz and 
Rosenthal, 1981 
2 herring blastodisc 30 min Whittingham andDOC 
Rosenthal, 1978 
2 common carp tail bud Ih Zhang et al., 1989room
gradual addition 
<1 zebrafish gastrula 2h 23°C Harvey et al., 1983 
1 red drum morula, tail bud 20 min room Robertson et ai., 1988 
1.5 	 herring blastodisc 2h ooe Whittingham and 
Rosenthal, 1978 
1.5 	 common carp tail bud 1h room Zhang et al., 1989 
gradual addition 
<0.25 red drum morula 20 min room Robertson et al., 1988 
2 red drum tail bud 20 min room Robertson et al., 1988 
1 herring blastodisc 30 min ooe Whittingham and 
Rosenthal, 1978 
0.5 red drum morula, tail bud 20 min room 	 Robertson et aI., 1988 
native state is stabilised, with an increase in temperature there is preferential 
cosolvent binding to the protein and the denatured form of the protein is 
favoured (Arakawa et al., 1990). At zero and subzero temperatures, high 
concentrations of cryoprotectants might be needed for successful 
cryopreservation. 
A low concentration of sucrose (0.1 M) was reported to improve survival of red 
drum embryos significantly (Robertson et al., 1988). Mazur (1990) suggested that 
sucrose must be present during cryopreservation manipulation and it's optimum 
concentration appeared to be 0.25 - 0.5 M (at temperature above 0 °C), as a 
higher concentration might dehydrate the embryo excessively and would 
therefore be lethal to the cells. Trehalose was reported to be prior to sucrose as a 
cryoprotectant (Arav et ai., 1993). Sucrose, trehalose and glucose were all 
reported to reduce cryoprotectant toxicity (Chao et ai., 1992; Todorov et al., 1993). 
The results from present study are in agreement with these studies. 
Post heart beat stage embryos appeared to be more resistant to cryoprotectants 
than early embryonic stages. The resistance of more developed embryo stages to 
cryoprotectant toxicity were also reported for herring (Ben-Amotz and 
Rosenthal, 1981) and red drum (Robertson et al., 1988) embryos. Therefore, from 
a cryoprotectant toxicity point of view, the post-heart beat stages might be the 
best developmental stages for cryopreservation, but a successful 
cryopreservation protocol is also influenced strongly by interactions between 
other factors such as embryo permeability, size and sensitivity to chilling. 
Harvey and Chamberlain (1982) found that water permeability of zebrafish 
embryos increased several fold between early cleavage stages and closure of the 
blastopore, and that permeability was maximal during epiboly, therefore the 
gastrulating embryos was chosen for their freezing experiment. The later 
research of Harvey et al. (1983) showed that glycerol penetrated gastrula stage 
embryos faster than DMSO, but it was not possible to remove glycerol and lysis 
was inevitable. The cooling experiments of epiboly zebrafish embryo showed 
limited success. Post-closure of the blastopore stages (Le. tail bud stage) were 
also reported as the best stage for common carp embryo cryopreservation 
(Zhang et al., 1989). 
Dechorionated embryos appeared to be more sensitive to cryoprotectant toxicity 
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> 
than intact embryos at the same developmental stages. Therefore, if removal of 
the chorion and perivitelline fluid is involved in cryopreservation to speed the 
permeation of cryoprotectants and water, as suggested by Harvey (1983) and 
Rall (1993), increased sensitivity of dechorionated embryos to cryoprotectant 
toxicity will need to be taken in to consideration. 
3.3 Conclusions 
a) Toxicity tests of cryoprotectant on zebrafish embryos at four different 
development stages showed post-heart beat stages to be the least sensitive to 
cryoprotectants. 
b) The experiments of cryoprotectant toxicity at room temperature with 
treatment at different time periods showed that heart beat stage embryos 
withstood 2 M methanol for up to 5 h, 2 M DMSO for 2 h, 2 M butane-2,3-diol 
and acetamide for 1 h, 2 M ethanediol for 0.5 h. 
c) On a molar-equivalency basis propane-1,2-diol appeared to be least toxic of all 
the cryoprotectants tested. The toxicity increased in the order: propane-l,2-diol < 
methanol < DMSO < butane-2,3-diol < acetamide < ethanediol < glycerol < 
glucose < trehalose < sucrose < polyethylene glycol 400. 
d) Investigations into the effect of glucose, trehalose and sucrose on the toxicity 
of cryoprotectants showed that sucrose reduced the toxicity of all the tested 
cryoprotectants: methanol, DMSO, propane-l,2-diol and acetamide on heart beat 
stage embryos. Trehalose reduced the toxicity of DMSO, propane-l,2-diol and 
acetamide. Glucose reduced the toxicity of propane-l,2-diol. 
e) The toxicity of methanol, DMSO, glycerol, ethanediol, and acetamide was 
significantly reduced at 0 °C as compared to 22°C. The greatest reduction was 
shown to methanol. Propane-l,2-diol and butane-2,3-diol toxicity was not 
reduced at 0 °e. 
f) Stepwise exposure to cryoprotectants of heart beat stage zebra fish embryos at 
room temperature did not improve hatch and survival compared to a single 
80 
addition. 
g) Dechorionated embryos were more sensitive to cryoprotectant toxicity than 
intact embryos at the same developmental stages. 
3.4 Summary 
The study of the toxicity of cryoprotectants to zebrafish embryos at different 
developmental stages under different conditions provided useful information 
for designing cooling protocols. From a cryoprotectant toxicity point of view, 
heart beat stage embryos and the cryoprotectants propane-l,2-diol and methanol 
were identified as the most likely to be successful in controlled slow cooling 
experiment. 
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Chapter 4: Controlled slow cooling of zebrafish (Brachydanio rerio) embryos 
4.1 Introduction 
Attempts to cryopreserve fish eggs or embryos with controlled slow cooling of 
eight fish species showed limited success in terms of hatching in cooling to -20 
°C and lower (Zell, 1978; Whittingham and Rosenthal, 1978; Stoss and 
Donaldson, 1983; Harvey, 1983; Zhang et al., 1989). The effects of cooling 
embryonic cells, isolated blastoderms and intact embryos of zebrafish half 
epiboly stage to -196°C in the presence of the cryoprotectants glycerol and 
DMSO were reported by Harvey (1983). The study showed that embryos only 
survived for a short period after cooling to -25°C, and no embryo developed 
until the eyed stage after cooling. 
The present study has shown that post-heart beat stage zebrafish embryos are 
more resistant to cryoprotectant than were earlier stages (Chapter 3). In addition, 
methanol and propane-1,2-diol appeared to be less toxic than other 
cryoprotectants, therefore, they were used in the following experiments using 
conventional cryobiological methods and freezing damage was examined. 
Embryo developmental stages at gastrula, 6-somite and pre-hatch and 
cryoprotectants DMSO and ethanediol were also used in the appropriate 
experiments for comparison. The effects of cooling rate, cryoprotectant, 
cryoprotectant concentration, equilibration time, exposure method, addition of 
sucrose in cryoprotectant solution, thawing rate, post-thaw handling and the 
effect of ice formation within the egg on embryo survival were investigated. 
4.2 Results and discussions 
4.2.1 Effect of different cryoprotectants 
The effects of methanol, DMSO, ethanediol and propane-1,2-diol with exposure 
of their NOEC (maximum no observed effect concentration) of 2 M at room 
temperature for 30 min on the survival of heart beat stage embryos cooled to -10, 
-15, -20 and -25°C are shown in Fig. 4.1. Methanol treated embryos showed 
consistently higher hatch percentages than those treated with propane-l,2-diol, 
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DMSO or ethanediol (t ::: 5.32 to 17.87, P < 0.05), possibly due to its fast 
penetration and relatively low toxicity. The protective effect of methanol was 
also observed by other workers on cooling of eggs of salmonid fish. Harvey and 
Ashwood-Smith (1982) reported that the penetration of methanol was 
significantly faster than either DMSO or glycerol in the eggs of salmonid fish 
and also that the rate of cryoprotectant penetration reflects their molecular 
weight, with the smallest molecules penetrating most rapidly. Harvey et aI., 
(1983) also reported that the fertility of supercooled salmonid ova was relatively 
high with methanol protection. 
DMSO was a better cryoprotectant for heart beat stage embryos than propane­
l,2-diol and ethanediol, even though propane-l,2-diol was less toxic and the 
molecular weight of ethanediol was lower than DMSO. These results suggested 
that embryo survival after cooling is influenced strongly by interactions between 
many factors such as cryoprotectant toxicity, embryo permeability to water and 
cryoprotectants, embryo sensitivity to chilling, and cooling procedures. 
4.2.2 Effect of embryo developmental stage 
Embryos at four developmental stages - gastrula, 6-somite, heart beat and pre­
hatch; cryoprotectant methanol at 2 M (NOEC) were used for these experiments. 
Embryos were exposed to methanol at room temperature for 30 min in a one step 
addition before cooling and results are shown in Fig. 4.2. The best embryo 
survival was obtained from 6-somite and heart beat stage embryos (t = 3.12 to 
5.56, P < 0.05) with pre-hatch stage embryos showed to have the highest 
mortality. This is in agreement with the survival of post-gastrula embryo stages 
of other species that was found to be higher than for early developmental stages. 
For example, tail-bud stage for common carp (Cyprinus carpio) (Zhang et aI., 1989) 
and post-eyed stages for rainbow trout (Salmo gairdneri) (Haga, 1982) embryos 
showed better survival after cooling to -30°C. The loss of viability of early stage 
zebrafish embryos may be due to their high sensitivity to cryoprotectant toxicity 
(Chapter 3) and chilling injury (Chapter 5). The Significant decrease in the 
survival of pre-hatch stage embryos may due to their larger size and I or more 
complex membrane systems, since differences in the response to cooling was 
suggested to relate to differences in embryo permeability to water and 
cryoprotectants (Schneider and Mazur, 1984). 
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Fig. 4.2 Bffe.ct of embryo development stage on survival after cooling.
Embryos were exposed to 2 M methanol for 30 min at room temperature
in a one step addition. The cooling rate was 0.3°C/min to the indicated 
temperature. Survival were normalised to those of room temperature
controls, which averaged 75.3, 77.2, 89.6 and 96.5 % for gastrula,
6-somite, heart beat and pre-hatch embryos respectively. 
4.2.3 Effect of cooling rate 
The slow cooling of heart beat stage embryos was performed in the presence of 2 
M methanol, DMSO or ethanediol at different rates (0.1 - 1.0 °C/min) to a range 
of subzero temperatures (Figs. 4.3 - 4.6). Results showed 0.3 °C/min to be the 
optimum cooling rate from freezing point to -25°C with methanol protection (t = 
2.75 to 5.42, P < 0.05). Similar results were obtained with both one step and two 
step addition of cryoprotectant experiments (Figs. 4.3 and 4.4). These results 
supported the previous finding that a slow cooling rate results in better survival 
of fish embryos after freezing. Harvey (1983) reported that survival of zebrafish 
blastoderms after cooling to -25°C was markedly higher at cooling rates of 0.5 
and 0.05 °C/min than at 25°C/min. Studies by Zhang et aI. (1989) on the 
cryopreservation of common carp embryos also showed some success with 
cooling rates less than 0.07 °C/min from the freezing point to -60°C. 
The optimum cooling rate for the embryos exposed to DMSO or ethanediol was 
faster (0.75 °C/min) (Fig. 4.5 - 4.6) than that obtained from the embryos exposed 
to methanol. This was probably due to the toxicity of these compounds. DMSO 
and ethanediol were more toxic than methanol to zebrafish embryos, and slower 
cooling rates increases the exposure time of the embryo to the cryoprotectants at 
damagingly high temperature levels - which might be lethal to the embryos. 
4.2.4 Effect of cryoprotectant concentration 
The effect of methanol concentration (2, 3 and 4 M) on the survival of heart beat 
stage embryos treated at room temperature (60,30 and 20 min respectively) were 
examined after cooling and the results are shown in Fig. 4.7. Embryos without 
cryoprotectants did not survive at -10°C or below. The addition of 3 M methanol 
(a toxic concentration at room temperature for 30 min) to heart beat stage 
embryos increased the hatch percentage when compared with 2 M methanol 
protection (t = 4.75 to 7.81, P < 0.05). This is in agreement with Harvey (1983) 
who showed that high cryoprotectant concentrations were needed for preserving 
complex systems and embryos needed to be loaded with cryoprotectant at 
concentrations that were known to have toxic effects. 
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4.2.5 Effect of cryoprotectant equilibration time 
The results of different pre-cooling eqUilibration times with methanol on the 
survival of heart beat stage embryos after cooling are shown in Fig. 4.8. The 
extension of cryoprotectant equilibration time using both one and two step 
additions increased hatch percentages at lower temperatures (t = 3.41 to 4.68, P < 
0.05). These results indicate that in order to achieve higher viability at low 
temperatures, sufficient equilibration time was needed to allow cryoprotectants 
penetration as confirmed by Harvey and Ashwood-Smith (1982). Their study on 
cryoprotectant penetration in the eggs of salmonid fishes showed that the limit 
of methanol penetration was reached only after 2 h exposure at 0 dc. 
4.2.6 Effect of cryoprotectant using two step addition method 
The results of a two step addition of methanol on embryo survival was studied. 
Higher concentrations (3 or 4 M) were added at 0 °C following exposure to 2 or 3 
M at room temperature. The addition of 3 M methanol at 0 °C generally 
increased the hatch percentage of heart beat stage embryos (t = 2.99 to 4.71, P < 
0.05) (Fig. 4.9). These results agree with the general supposition that intracellular 
freezing results from seeding by extracellular ice rather than by spontaneous 
crystallisation within the cell (Mazur, 1977; Harvey and Ashwood-Smith, 1982). 
Therefore, preventing ice formation in the surrounding medium with a stepwise 
increase in additive concentration as cooling progresses is considered 
appropriate (Pegg and Arnaud, 1988; Harvey and Ashwood- Smith, 1982). 
Increasing the concentration of methanol with the same exposure regime (Le. 4 
M methanol added at 0 °C following exposed to 3 M at room temperature) did 
not improve survival probably due to the toxic effect of the high concentrations 
under the conditions employed. 
4.2.7 Effect of the presence of sucrose during slow cooling 
Sucrose was shown to reduce cryoprotectant toxicity (Chapter 3) with the 
greatest reduction shown by methanol. The effect of the addition of sucrose (0.05 
M) to methanol (2 -+ 3 M, two step addition) as a cryoprotective medium on 
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Fig. 4.8 Effect of equilibration time on survival of heart beat stage zebrafish 
embryos after cooling. For one step additions, embryos were exposed to 2 or 
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Fig. 4.9 Comparison of the effect of methanol on survival of heart beat 
stage zebrafish embryos using one and two-step additions. For one step­
addition, embryos were exposed to 2 M (1, 2 Ii) or 3 M (1 h) methanol at 
room temperature. For two-step addition, embryos were exposed to 2 M 
(0.5, 1.5 Ii) or 3 M (0.5 h) methanol at room tempearture followed by 15 
min at o. 0(:. ' and then 2 or 3 M methanol solution was replaced by 3 or 
4 M methanol for 15 min at OOC. Cooling_ rate was 0.3°C/min. Hatch 
percentage of averaged control was 92.7 %. 
embryo survival after cooling was studied and results are shown in Fig. 4.10. 
The addition of sucrose improved the survival of heart beat stage embryos (t = 
3.63 to 5.26, P < 0.05) but not gastrula stage embryos. The combination of 
methanol and sucrose was also used by Renard (1991) in cooling the embryos of 
the Pacific oyster, Crassostrea gigas. It was suggested that a low concentration of 
sucrose has a protective effect on the plasma membrane and cytoplasm of cooled 
embryos because cooling injury were gently reduced. The high survival rates of 
mouse embryos after cooling was also obtained in the medium containing 
glycerol and sucrose (Takahashi and Kanagawa, 1985). Since sucrose does not 
penetrate zebrafish eggs (Chapter 7), dehydration of embryos before and during 
cooling maybe the protective effect of sucrose as suggested by Renard (1991). 
4.2.8 Effect of thawing rate 
A comparison of embryo survival following either fast (300°C/min) or slow (10 
°C/min) thawing (Fig. 4.11) showed that a slow thawing rate did not improve 
the hatch percent recorded for embryos cooled at 0.3 °C/min. The study of 
Harvey (1983) on cooling of embryOniC cells, isolated blastoderms, and intact 
embryos of zebrafish to -196°C showed thatthe warming rate was important in 
determining survival. Fast warming (200°C/min) was inferior to warming at an 
intermediate rate (43°C/min) when blastoderms were cooled at 0.5 °C/min to ­
25°C; there was no improvement when samples were warmed more slowly (2 ° 
C/min). In the present study, a slow warming rate was inferior to warming at a 
fast rate (300°C/min) for heart beat stage embryos. Rapid warming was 
reported to result in complete thawing of the suspension before significant 
embryo rehydration (RaU, 1993), and Shimada and Asahina (1975) have shown 
that some cells with intracellular ice can survive if thawed very rapidly. 
4.2.9 Post-thaw handling and embryo survival 
The effect of post-thaw conditions on embryo survival was studied by placing 
embryos either in 0.2 M sucrose for 15 min or in carbon-filtered and aerated tap 
water directly after fast thawing. The results showed no significant differences 
between the two treatments (Fig. 4.12). Previous studies suggested that cellular 
repair following cooling may be an important factor in obtaining good cell 
survival and repair may be augmented by changing post-thaw conditions 
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Fig. 4.10 Effect of the presence of sucrose on embryo survival after 
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Fig. 4.11 Effect of thawing rate on survival of heart beat stage zebrafish 
embryos after cooling. Embryos were treated with 2 or 3 M methanol for 1 
hand 30 min respectively at room temperature before cooling. Fast 
thawing was performed at 300 oC/min, slow thawing at 10°C/min. Cooling 
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Fig. 4.12 Effect of post-thaw handling on survival of zebrafish embryos.
Embryos were exposed to 2 M methanol for 1 h at room temperature and 
coolea at 0.3°C/min. After cooling embryos were placed either in 0.2 M 
sucrose for 15 min and then in carbon-ftltered tap water or directly in 
carbon-filtered tap water. Hatch percentage of averaged control was 95 %. 
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(Mazur, 1990). The use of non-permeable solute like sucrose in dilution medium 
for cryoprotectant removal was considered to be effective to control the amount 
of cell swelling (Leibo and Mazur, 1987), sucrose acts as an osmotic conterforce 
to restrict water movement across the membranes. Sucrose dilution was used for 
cryopreservation of common carp (Cyprinus carpio) embryos and the study 
showed some embryo survival after cooling in liquid nitrogen (Zhang et al., 
1989). However, under the experimental condition employed here, no significant 
differences were observed between the methods used for post-thaw handling. 
Sucrose appeared to have no additional protective effect when added after 
thawing. 
4.2.10 Effect of ice formation within the egg 
A comparison of hatch percent of zebrafish embryos after cooling and the 
percentage of eggs within which ice formed during cooling at 0.3 °C/min to 
different final temperatures showed that the pattern of these curves was similar 
(Fig. 4.13). These results suggested that formation of ice within the egg was the 
main factor affecting the survival of embryos during cooling although other 
factors may also affect viability. The difference between the curves is probably 
due to other factors such as normal mortality of the embryos and cryoprotectant 
toxicity. Intracellular ice results from osmotic events, especially when ice crystal 
appears during thawing (Farrant et aI., 1977) and was widely regarded as lethal 
to cells (Nei, 1976). The injury from intracellular ice and its growth by 
recrystallisation is a direct physical consequence of the ice and that the effect is 
on intracellular membranes (Mazur, 1965; 1966; 1977). For fish eggs, the injury 
was related to the damage of the vitelline membrane and yolk (Craig and 
Powrie,1988). 
4.3 Conclusions 
a) The cooling experiments carried out with heart beat stage zebrafish embryos 
showed that methanol was more effective than propane-l,2-diol, DMSO or 
ethanediol for zebrafish embryo cryopreservation, and addition of low 
concentration of sucrose in methanol (0.05 M) increased the hatch percentage of 
heart beat stage embryos. The optimal concentration of methanol for controlled 
slow cooling of zebrafish embryos was found to be 3 M supplemented with 0.05 
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Msucrose. 
b) Embryo developmental stages of 12-h (6-somite) and 27-h (heart beat) were 
found to be more resistant than either 7-h (gastrula) or 49-h (pre-hatch) during 
controlled slow cooling. 
c) A range of cooling rates (0.1 - 0.75 DC/min) was investigated with 0.3 eC/min 
proving to be the optimum rate for embryo survival in the presence of methanol 
in both one step and two steps addition experiments reaching final temperature 
of between -10 and -25 DC. No embryo hatched after cooling to -30 DC. 
d) Slow thawing (10 DC/min) was inferior to fast thawing rate (300 eC/min) in 
affecting embryo survival after cooling. Treatment in 0.2 M sucrose (with 
absence of sucrose during cooling) after thawing did not improve embryo 
survival. 
I 
, 
e) Cooling regimes involving a two step addition of cryoprotectant, with the 
higher concentration of cryoprotectant added following cooling to 0 DC 
temperature, improved the hatch percentage. 
f) Ice formation occurred within the egg following cooling even under the 
optimum conditions determined for embryo survival and appears to be a major 
factor affecting the survival of embryos. Other factors such as cryoprotectant 
toxicity may also be involved in affecting viability. 
4.4 Summary 
The best hatch percentage of heart beat stage embryos following cooling at 0.3 
°C/min was achieved following a two step addition of 3 M methanol 
supplemented with 0.05 M sucrose. The hatch percentage achieved for different 
final temperatures were: -10 DC, 96 %,-15 DC, 72 %, -20 ec, 46 %and -25 ec, 11 %. 
No embryos hatched after cooling to -30 DC. Some of the hatched larvae showed 
abnormal physiological phenomena, e.g. cessation of external respiration and 
dorsal bend, especially those embryos protected with high concentrations of 
cryoprotectant or cooled to low temperatures. Cryopreservation of fish embryos 
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with controlled slow cooling procedures is complicated by many interacting 
factors. These include the very low permeability of the embryos to water and 
cryoprotectants (Loffler and Lovstrup, 1970), the size of the embryos, and the 
sensitivity to chilling (Chapter 5). A recent successful ice-free cryopreservation 
approach for fruit fly embryos (Drosophila melanogaster) has provided some 
useful lessons to overcome these problems and the feasibility of using these 
approaches for fish embryo cryopreservation need to be studied (Chapter 6). As 
with mammalian and Drosophila embryos (Rall and Fahy, 1985; Steponkus et aI, 
1990), it is essential to prevent ice formation in order to achieve successful 
cryopreservation of fish embryos. 
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Chapter 5: Effect of chilling and non-freezing storage at zero and subzero 
temperatures on the survival of zebrafish (Brachydanio rerio) embryos 
5.1 Introduction 
In order to achieve successful cryopreservation of teleost embryos, information 
on embryo chilling sensitivity is one of the basic requirements. The process used 
to develop an effective cryopreservation procedure for Drosophila melanogaster 
embryos (Steponkus et aI., 1990) provided an important lesson; the entire life 
cycle of an animal must be examined to determine the most appropriate 
developmental stage for cryopreservation (RaIl, 1993). This information together 
with that on cryoprotectant toxicity and permeability of the embryos to water 
and cryoprotectant enables an optimum protocol to be designed. 
Cryopreservation of fish embryos using controlled slow cooling techniques 
subjects embryos to extreme conditions, including hypothermic, mechanical, 
osmotic, and chemical stresses imposed by the formation of extracellular and 
intracellular ice (Lovelock, 1953; Meryman et al., 1977). Studies on the controlled 
slow cooling of zebrafish embryos showed that ice formation within the egg was 
the main factor affecting embryo survival (Chapter 4). Therefore, non-freezing 
storage of zebrafish embryos (maintenance at subzero temperatures without ice 
formation) was investigated. Supercooling, a phenomenon quite common among 
life forms inhabiting regions of extreme cold (Ring, 1980; Harvey and Ashwood­
Smith, 1982), eliminates extreme stresses and therefore suggests itself as a 
suitable tactic for storage of embryos (Fuku et al., 1992). 
Fish eggs or embryos were reported to survive normally after incubation at 
temperatures as low as 0 °C(Maddock, 1974; Cloud et aI., 1988). The attempts at 
cryopreservation of salmonid ova also brought to light the ability of the 
salmonid egg to undergo a modest degree of supercooling, as low as -20°C for 
several hours, and remain fertile (Raga, 1982; Harvey et al., 1983). At such 
temperatures, cells and their surrounding medium remain unfrozen both 
because of supercooling and because of depression of the freezing pOint by the 
protective solutes that are frequently present (Mazur, 1992). This present study 
considers the chilling sensitivity at different developmental stages of embryos 
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and the effect of different supercooled storage regimes, with varying storage 
temperature and concentration of permeating and non-permeating 
cryoprotectants in the preservation medium, on embryo survival. 
5.2 Results and discussions 
5.2.1 Chilling sensitivity of intact zebrafish embryos at zero and subzero 
temperatures 
Chilling sensitivity of zebrafish embryos at 0 0c. Chilling sensitivity of eleven 
different developmental stages of zebrafish embryos from blastula to hatching at 
3-,7-, 10-, 12-, 15-,20-,27-,34·,40-,45- and 49-h were examined. Embryos were 
held at 0 °C in carbon-filtered tap water for up to 24 h. Results showed that 
embryo survival decreased as the duration of exposure to low temperature was 
increased (Fig. 5.1). Early developmental stages were most sensitive to chilling 
and no embryos younger than the 10-h stage survived 11 h exposure at 0 0c. 
Approximately 50 % of embryos at 3-, 7-, 15-,20- and 27-h stages were killed 
after exposure at 0 °C for 0.2, 4, 14, 16 and 20 h, respectively. Embryo survival 
substantially increased after the 12-h stage, and embryos between 27-h and 40-h 
were found to be the least chilling sensitive (Fig. 5.2). Embryo survival 
percentages of 45- and 49-h stages were significantly lower than those obtained 
from 27- to 40-h embryos. 
Chilling sensitivity of zebrafish embryos at subzero temperatures. Embryos at 
developmental stage 27-h were cooled to -5 and -10°C at an approximate rate of 
0.6 °C I min and held at those temperatures for up to 3 h. The results showed that 
although 27 -h embryos appeared to tolerate exposure at 0 DC for up to 10 h 
without any adverse effects, embryo survival was significantly reduced at sub­
zero temperatures (Fig. 5.3). Approximately 50 % of 27-h stage embryos were 
killed after 60 min exposure at _5°C and 20 min exposure at -10°C. 
The results showed that zebra fish embryos were sensitive to chilling injury. The 
degree of sensitivity was related to the developmental stage of the embryo; early 
development stages «10-h) were most sensitive to chilling. These findings 
confirmed the suggestion that fish embryos of different species of fish may have 
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developmental periods that are more tolerant of cooling than other periods 
(Cloud et aI, 1988) and in agreement with those obtained previously from fish 
and Drosophila embryos. Cloud et al. (1988) reported that late blastulae and 
gastrulae stage of fathead minnow pimephaZes promelas embryos were more 
tolerant of cooling to 0 °C for 16 - 18 h from 23°C than were early blastulae. 
Early developmental stages of dechorionated zebra fish embryos (1.25- to 4-h) 
were also reported to suffered> 90 %mortality after exposure at 0 °C for 10-40 
min: in contrast 80-100 % of similarly treated 6- to 10-h embryos developed 
normally in culture (Hagedorn et al., 1993). The present study showed that 27- to 
40-h developmental stage zebrafish embryos could tolerate 0 °C for up to 10 
hours, and demonstrated that early developmental stages were the least suitable 
for low temperature storage. The embryos of zebrafish were more sensitive to 
chilling injury than those of Drosophila, which at the 15-h stage could tolerate up 
to 18 h of exposure to 0 °C with no ill effects (Mazur et al., 1992). The longest no 
effect exposure period for zebrafish embryos at 0 °C appeared to be 10 h for the 
27- to 40-h stage embryos. The high sensitivity of zebrafish embryos to low 
temperatures is probably associated with the large amounts of intraembryonic 
lipids Gared and Wallace, 1968) which were suggested to be highly sensitive to 
chilling injury for mammalian embryos (paIge et aI., 1974), and their high 
development rate as suggested by Mazur et al. (1992) for Drosophila embryos. 
5.2.2 Chilling sensitivity of dechorionated embryos 
Chilling experiments were also performed on dechorionated 12- and 27-h 
embryos. The comparison of chilling sensitivity of intact and dechorionated 
embryos showed that dechorionated embryos of both developmental stages 
were more sensitive to chilling than intact embryos (t = 8.62 to 22.87, P < 0.05) 
(Fig. 5.4). Survival of dechorionated embryos was significantly lower than that of 
intact embryos after holding at 0 0c, Dechorionatedembryos have already been 
shown to be more sensitive to methanol and propane-l,2-diol toxicity than intact 
embryos at room temperature {Chapter 3). Methods need to be developed to 
overcome these problems, if these embryos are to be used for cryopreservation. 
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5.2.3 Non-freezing storage of zebra fish embryos at zero and subzero 
temperatures 
Heart beat stage embryos (27-h) were used in these experiments since they 
shown to be the least sensitive to chilling injury. In addition, methanol was used 
as the cryoprotectant since it was shown to be less toxic and have better 
protection of the embryos during slow cooling (Chapter 4). Cryoprotectants 
DMSO and propane-l,2-diol were used for comparison. Embryos were exposed 
to a variety of cryoprotectant mixtures and concentrations and held at various 
zero and subzero temperatures. Cryoprotectants were added and removed in a 
stepwise manner during cooling and warming in order to minimise the toxicity 
and to prevent ice formation in the bulk solution. The results confirmed that 
methanol was a better cryoprotectant than DMSO or propane-l,2-diol. The 
addition of sucrose or trehalose to the media generally enhanced cooling 
tolerance of the embryos. Embryo survival was most improved when methanol 
was supplemented with sucrose (0.1 M). The optimum concentration of 
methanol increased as the storage temperature was decreased, being 1 M at 0 °C 
(Table 5.1), 2 M at _5°C (Table 5.2), 3 M at -10°C (Table 5.3) and 5 M at -15°C 
(Table 5.4). 
Methanol was more effective than DMSO or propane-l,2-diol in protecting 
against chilling injury for subzero, non-freezing storage of zebrafish embryos. 
Similar results were reported by Harvey et al. for salmonid ova, which showed a 
48.5 %survival after 24 h at -4 °C in a medium containing 1 %methanol (Harvey 
et al., 1982). Methanol was also found to be better than ethanol, ethanediol and 
propane-l,2-diol as co11igative cryoprotectants for subzero non-freezing storage 
of the mammalian cardiac explant (Yang et al., 1993). The relative effectiveness of 
methanol as a cryoprotectant for zebrafish embryos at sub-zero temperatures is 
thought to be due to its rapid penetration of tissues (Chapter 7) and low toxicity 
(Chapter 3). When sugars such as trehalose or sucrose are able to penetrate the 
tissue then their presence is thought to protect plasma membranes and 
cytoplasm (Crowe et aI., 1983). However, in the case of zebrafish, sucrose does 
not penetrate the chorion (Chapter 7) and the protective effect of these sugars 
may be due to dehydration of the embryos before and during storage as 
suggested by Renard (1991). That study on cooling of embryos of the Pacific 
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oyster, Crassostrea gigas, also showed the combination of methanol and sucrose to 
reduce cooling injury. 
Table 5.1: Survival of heart beat stage embryos after storage at 0 °C for 24 h 
Cryoprotectant (M) 

sucrose (0.01) 

sucrose (0.05) 

sucrose (0.1) 

trehalose (0.01) 

trehalose (0.05) 

trehalose (0.1) 

propane-l,2-diol (0.5) 

propane-l,2-diol (1.0) 

methanol (0.2) 

methanol (0.5) 

methanol (1.0) 

methanol (2.0) 

methanol (0.5) + sucrose (0.05) 

methanol (1.0) + sucrose (0.05) 

methanol (2.0) + sucrose (0.05) 

methanol (3.0) + sucrose (0.05) 

methanol (0.5) + sucrose (0.1) 

methanol (1.0) + sucrose (0.1) 

methanol (2.0) + sucrose (0.1) 

methanol (3.0) + sucrose (0.1) 

Hatch (%) 
13.3 ± 10.1 
16.7 ± 12.5 
17.6 ± 11.1 
0 
12.5 ± 8.5 
10.5 ± 7.8 
0 
0 
3.6 ± 1.9 
35.8 ± 7.2 
69.2 ± 8.1 
18.2 ± 10.1 
41.7 ± 8.9 
58.3 ± 11.1 
30.0 ± 9.3 
0 
69.2 ±8.2 
81.8 ± 9.2 
41.7± 5.2 
0 
After 48 h at DoC, some embryos survived in the media consisting of methanol (1 
M) + sucrose (0.05 or 0.1 M), being 20.1 ± 5.6 % (0.05 M sucrose) and 30.2 ± 3.5 % 
(0.1 M sucrose). Hatch percentage of controls at 26°C ranged from 95 to 100 % 
and averaged 97.8 ± 1.9 %. 
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Table 5.2: Survival of heart beat stage embryos after storage at -50C 
Medium (M) 
carbon-filtered tap water 
3 h storage 
0 
Hatch (%) 
24 h storage 
* 
sucrose (0.1) 11.1 ± 9.3 0 
sucrose (0.2) 9.6 ± 7.1 0 
DMSO (0.5) 0 
* 
DMSO (1.0) 0 
* 
DMSO (2.0) 0 
* 
propane-1,2-diol (0.5) 0 * 
propane-1,2-diol (1.0) 0 * 
propane-l,2-diol (2.0) 0 * 
methanol (0.5) 8.3 ± 4.2 0 
methanol (1.0) 33.3 ± 12.1 0 
methanol (2.0) 95.5± 10.1 0 
methanol (1.0) + sucrose (0.1) 84.0 ± 15.1 8.3 ± 5.3 
methanol (2.0) + sucrose (0.1) 85.7 ± 9.5 28.6 ± 5.8 
methanol (3.0) + sucrose (0.1) 71.9 ± 7.2 5.0 ± 5.1 
methanol (4.0) + sucrose (0.1) 75.0 ± 6.7 0 
methanol (5.0) + sucrose (0.1) 64.7 ± 9.2 0 
Hatch percentage of controls at 26°C ranged from 94.7 to 100% and averaged 97.3 ± 
2.1%. 
* not determined. 
Table 5.3: Survival of heart beat stage embryos after storage at -10°C 
Hatch (%) 
Medium (M) 3 h storage 6 h storage 
methanol (2) + sucrose (0.1) 23.1 ± 7.9 o 
methanol (3) + sucrose (0.1) 50.0 ± 10.1 27.3 ± 8.5 
methanol (4) + sucrose (0.1) 42.8 -+- 11.2 18.8 ± 7.2 
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Table 5.4: Survival of heart beat stage embryos after storage at -15 and -20°C 
Hatch (%) after storage for 1 hat 
Medium -15°C -20 °C 
methanol (4) + sucrose (0.1) 9.7 ± 4.5 * 
methanol (5) + sucrose (0.1) 14.3 ± 4.2 0 
methanol (6) + sucrose (0.1) 10.5 ± 7.1 0 
methanol (8) + sucrose (0.1) * 0 
* not determined. 
5.3 Conclusions 
(a) Early development stages of zebrafish embryos were the most sensitive to 
chilling injury. Embryo survival was substantially increased for developmental 
stages greater than 12-h, and embryos between 27- and 40-h were found to be 
the least chilling sensitive. Embryo survival percentages of 45- and 49-h stages 
were significantly lower than those obtained from 27- to 40-h embryos. 
(b) Although 27 h embryos appeared to tolerate temperature of 0 °C for up to 10 
hours without any adverse effects, embryo survival was significantly reduced at 
subzero temperatures. 
(c) Dechorionated embryos were more sensitive to chilling than intact embryos 
at the same developmental stages. 
(d) Methanol was better than DMSO or propane-1,2-diol as a cryoprotectant and 
the combination of methanol and sucrose appeared to be better than methanol 
alone as a medium for supercooled storage of heart beat stage embryos. 
113 

(e) The optimal concentrations of methanol increased as the storage temperature 
decreased. The optimal methanol concentrations (supplemented with 0.1 M 
sucrose) were found to be 1 Mat 0 °C, 2 M at _5°C, 3 M at -10°C and 5 M at -15 
dc. 
5.4 Summary 
The present study showed that embryo survival after non-freezing storage at 
zero and subzero temperatures decreased with increasing storage time and 
decreasing temperature; no embryos survived after 72 h at 0 °C or 1 h at -20°C, 
therefore the success of using this method for embryo cryopreservation was 
limited. The loss of embryo viability may be related to chilling injury of the 
embryos, cryoprotectant toxicity, osmotic stress and other factors. High chilling 
sensitivity and inevitable intracellular freezing during controlled slow cooling, 
together with the membrane complexity of zebrafish embryos are the major 
obstacles to be overcome to achieve successful cryopreservation. The recent 
success of Drosophila embryo cryopreservation by vitrification (Steponkus et al., 
1990) has offered a new approach to overcome at least some of the obstacles. 
Chilling injury and intracellular freezing could be prevented by vitrification 
using ultra-rapid cooling. 
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Chapter 6: Vitrification of zebrafish (Brachydanio rerio) embryos 
6.1 Introduction 
Vitrification is the solidification of a liquid brought about not by crystallisation 
but by an extreme elevation in viscosity during cooling. The technique has 
recently been successfully used for the cryopreservation of living cells. During 
vitrification the solution becomes a glass; transitional molecular motions are 
significantly arrested, marking the effective end of biological time but without 
any of the changes brought about by freezing. Cells capable of being vitrified 
need no longer satisfy classical constraints of optimal cooling and warming 
rates, but instead can escape both "solution effects" injury and the dangers of 
intracellular freezing (Fahyet al., 1984). 
Vitrification was first successfully used for the cryopreservation of mouse 
embryos in 1985 (RaIl and Fahy, 1985). Subsequently it has been successfully 
applied to the preservation of tissues (Armitage, 1986; Jutte et al., 1986), blood 
cells (Boutron, 1992), plant somatic embryos Asparagus officinalis (Uragami et aI., 
1989), Drosophila melanogaster embryos (Steponkus et aI., 1990; Mazur et al., 1993) 
oocytes and embryos of the mouse (Hsu et al., 1986; Scheffen et al., 1986; 
Bielanski, 1987; Friedler et al., 1987; Kono and Tsunoda, 1987; RaU, 1987; Rall et 
al., 1987; Naka.gata and Douglas, 1989; Shaw and Trounson, 1989; Kasai et aI., 
1990; Valdez et al., 1990; Shaw et al., 1991), hamster (Critser et al., 1986), rat 
(Kono et al., 1988), rabbit (Smorag et al., 1989; Kobayashi et al., 1990), goat 
(Yuswiati and Holtz, 1990), sheep (Gajda et ai., 1989; Schiewe et ai. 1990; Szell et 
al., 1990), cow (Massip et al., 1986i Van et ai., 1989), pig (Rubinsky et al., 1991), 
and human (Trounson, 1986). Most of the reports have also been for mammalian 
systems that have been successfully cryopreserved by controlled freezing 
methods. However, in one case, Drosophila melanogaster, vitrification has 
succeeded for cryopreservation, where controlled freezing, so far, has failed. 
Successful vitrification requires optimisation of several individual steps. Factors 
that influence the survival of embryos by vitrification include the concentration 
and composition of the vitrification solution, the procedure used to equilibrate 
embryos in this solution, the cooling and warming conditions, and the procedure 
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used to dilute embryos from the vitrification solution (Rall, 1987). Special 
attention should be paid to establishing optimal conditions for equilibration in 
and dilution from the vitrification media. Furthermore the use of vitrification 
solutions with low toxicity seems essential (papis et aZ., 1991). 
There have been no fully published reports seen on fish embryo 
cryopreservation by vitrification. The purpose of this present study was to 
examine the feasibility of the use of the vitrification technique for zebrafish 
embryo cryopreservation. Vitrification characteristics of established 
cryoprotectants; the effects of protective agents such as glucose, sucrose, 
trehalose and polyethylene glycol 400 on the vitrification characteristics of 
cryoprotectants were studied in the absence of embryos; the toxicity of identified 
vitrification solutions at 20 and 0 °C and vitrification of embryos in straws were 
investigated using both 6-somite and heart beat stage embryos. 
6.2 Results and discussions 
6.2.1 Vitrification characteristics of cryoprotectants 
Initial studies used commercial plastic straws (single volume 0.5 ml) were 
carried out to test the minimum concentration required for individual 
cryoprotectant to vitrify under normal quenching procedure. The 
cryoprotectants methanol, acetamide, ethanediol, glycerol, DMSO, propane-1,2­
diol and butane-2,3-diol at a range of concentrations (0.5 - 11 M) were plunged 
in liquid nitrogen in straws and the vitrification characteristics of cryoprotectants 
were determined Visually. The cryoprotectants showed different glass-forming 
tendency with butane-2,3-diol vitrifying at the lowest concentration of (3.0 M) 
(Table 6.1). On a molar-equivalency basis, the glass-forming tendency deceased 
in the order of butane-2,3-diol > propane-l,2-diol > DMSO, glycerol > 
ethanediol > acetamide > methanol (on a w / v % basis, the order would be 
butane-2,3-diol > propane-l,2-diol > methanol > ethanediol > DMSO > 
acetamide > glycerol). These results were in general agreement with those 
reported previously in which butane-2,3-diol and propane-l/2-diol were 
reported to have much better glass-forming properties than many other 
cryoprotectants and other polyalcohols (Pahy et al., 1984; Boutron, 1987; Ren et 
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al., 1994). Propane-1,2-diol was first successfully used in combination with 
DMSO, acetamide, and polyethylene glycol by RaIl and Fahy (1985) in a 
vitrification solution for mouse embryo cryopreservation, and high proportions 
(> 80 %) of mouse embryos survived after vitrification at -196°C. 
A comparison of the minimum concentration required for vitrification and the 
NOEC for heart beat stage zebrafish embryos at both 22 and 0 °C (Table 6.1) 
showed that the minimum concentration required for vitrification for all the 
cryoprotectants was very toxic to these embryos. Therefore methods had to be 
developed to enable the critical concentration for vitrification to be reduced in 
order to minimise toxicity. 
Table 6.1: Minimum concentration of seven cryoprotectants required for 
vitrification and NOEC for heart beat stage zebrafish embryos at 22 and 0 °C 
Cryoprotectants Lowest NOEC for heart beat stage embryos 
vitrification after 30 min at 
concentration (M) 22 °C o °C 
Methanol 10 (32.0) 2 (6.4) 5 (16.0) 
Acetamide 7 (41.3 ) 2 (11.8) 3 (17.7) 
Ethanediol 6 (37.2) 2 (12.4) 3 (18.6) 
Glycerol 5 (46.0) 1 (9.2) 2 (18.4) 
DMSO 5 (39.1 ) 2 (15.6) 3 (23.5) 
Propane-1,2-diol 4 (30.4) 3 (22.8) 3 (22.8) 
Butane-2,3-diol 3 (27.0) 2 (18.0) 2 (18.0) 
* Values in brackets are on the w:v %basis. 
6.2.2 Effect of glucose, sucrose, trehalose or polyethylene glycol 400 on 
vitrification characteristics of cryoprotectants 
Vitrification characteristics of cryoprotectants supplemented with sucrose, 
trehalose, glucose or polyethylene glycol 400 at a concentration of 0.5 M, NOEC 
n7 
for zebrafish embryos at room temperature (Chapter 3), were examined. The 
results showed that addition of any of these substances lowered the minimum 
concentration required for vitrification of all the cryoprotectants with the 
greatest reduction obtained using polyethylene glycol 400 (Table 6.2); for 
methanol, the lowest vitrification concentration was reduced from 10 to 5 M 
whilst for propane-1,2-diol, the concentration was reduced from 4 to 2 M. 
Sucrose, trehalose and glucose all produced the same reduction in concentration 
but a significantly lower reduction than for polyethylene glycol 400. 
There are two generally accepted methods of reducing critical concentrations for 
vitrification: the application of hydrostatic pressure; and the addition of high 
molecular weight polymetric materials (Fahy et aI. 1984) or sugars (Chao et al., 
1992). In the present studies the addition of a polymer or sugar was employed 
since this method was more practically acceptable. The results from this present 
study were similar to those obtained by Chao et al. (1992) who found that the 
addition of glucose lowered the minimum concentration of selected 
cryoprotectants, including DMSO, ethanediol and propane-l,2-diol, required for 
vitrification. They also found a linear relationship between the concentration of 
glucose and the reduction in critical concentration. Sutton (1992) also reported 
that the critical cooling rates of butane-2,3-diol and glycerol were reduced, by 
varying amounts, on the addition of sugars (such as sucrose, glucose, trehalose 
or raffinnose) but to an even greater extent on the addition of polyethylene 
glycol 400 at a concentration of 6 % (w:v), which was used in vitrification of 
mouse embryos by RaIl and Fahy (1985). 
In addition, the use of non-permeating polymer or sugar in vitrification medium 
has further beneficial effects when cells are presented e.g. produce osmotic 
dehydration and consequently reduce the amount of water inside the cell that 
may crystallise during rapid cooling (RaIl, 1987); reduce the amount of 
cryoprotectants that penetrate the cell thus reducing the possible toxic effect 
(Szell and Shelton, 1987) and have a stabilising effect on membranes (Crowe et 
aI, 1983). 
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Table 6.2: Effect of glucose, sucrose, trehalose and polyethylene glycol 400 on the 
concentrations required for vitrification of seven cryoprotectants 
Lowest vitrification concentration (M) 
when supplemented with 0.5 M 
Cryoprotectants glucose trehalose or polyethylene glycol 
sucrose 400 
Methanol 7 (31.5) 7 (39.5) 5 (36.0) 
Acetamide 6 (44.5) 6 (52.5) 4 (43.6) 
Ethanediol 5 (40.1) 5 (48.0) 3 (38.6) 
Glycerol 4 (45.9) 4 (53.9) 3 (47.6) 
DMSO 4 (40.4) 4 (48.4) 3 (43.4) 
Propane-l/2-diol 3 (31.8) 3 (39.9) 2 (35.2) 
Butane-2,3-diol 2 (27.1) 2 (35.1) 2 (38.0) 
* Values in brackets are on the w:v %basis. 
6.2.3 Characteristics of vitrification solutions 
There were two major factors to consider when selecting cryoprotectants for 
vitrification solutions: cryoprotectant toxicity, and their vitrification 
characteristics. Propane-l,2-diol, butane-2,3-diol and DMSO appeared to be 
relatively less toxic to heart beat stage zebra fish embryos (Chapter 3) and had 
better vitrification properties than other cryoprotectants, therefore were chosen 
for these experiments. Methanol toxicity was also relatively low at 22°C and was 
greatly reduced at 0 °C (Chapter 3), it was shown to be the best cryoprotectant 
for controlled slow cooling of 6-somite and heart beat stage embryos (Chapter 4) 
and non-freezing storage of heart beat stage embryos (Chapter 5), therefore was 
also used in these studies. Whilst supplementation with polyethylene glycol 400 
or sugars can reduce the concentration of cryoprotectant required for 
vitrification, the sugars have the additional benefit of reducing cryoprotectant 
toxicity. Therefore, it was decided to investigate the properties of 
cryoprotectants (propane-l,2-diot butane-2,3-diol, DMSO and methanol) 
supplemented with either 0.5 M glucose, sucrose, trehalose and polyethylene 
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glycol 400 or 6 % (w:v) polyethylene glycol 400, and to use both 0.25 and 0.5 ml 
straws (Table 6.3). The results showed that vitrification solutions were more 
stable in 0.25 mI straws and solutions containing polyethylene glycol 400 were 
more stable than those supplemented with glucose, sucrose or trehalose. The 
study of the vitrification of mouse embryos has already suggested the 
importance of using small volume of samples or droplet to increase the ability of 
aqueous solutions and biological systems to supercool sufficiently to achieve the 
vitreous state (Rall, 1987). 
Table 6.3: The vitrification characteristics of different solutions 
in 0.5 and 0.25 ml straws 
Ice formation during 
Vitrification solutions Cooling Warming 
0.5 0.25 0.5 0.25 
DMSO (3 M) + propane-1,2-diol (3 M) + + 
sucrose (0.5 M) [DPS] 
DMSO (3 M) + propane-l,2-diol (3 M) + + 
trehalose (0.5 M) [DPT] 
DMSO (3 M) + propane-l/2-diol (3 M) + + 
glucose (0.5 M) [DPG] 
DMSO (2 M) + propane-l,2-diol (3 M) + 
polyethylene glycol 400 (0.5 M) [OPP] 
Methanol (2 M) + propane-l,2-diol 
(5 M) + polyethylene glycol 400 (6 %) [MPP] 
Butane-2,3-diol (2 M) + propane 
-l,2-diol (3 M) + polyethylene glycol 400 
(6 %) [BPP] 
+ ice formation by direct visual inspection. 
- no ice formation by direct visual inspection. 
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Vitrification solution containing DMSO, propane-1,2-diol and polyethylene 
glycol (molecular weight 8000) has been successfully used for vitrification of 
mouse embryos (RaIl and Fahy, 1985). Mehl reported (1992) that the vitrification 
capability of mixtures of butane-2,3-diol and propane-1,2-diol varies little over a 
wide range of concentration ratios, a combination of butane-2,3-diol and 
propane-1,2-diol might be used for vitrification solutions in the concentration 
range allowed by the toxicity of both diols and as a function of cell membrane 
permeability. In our study, although butane-2,3-diol exhibited the higher glass 
forming tendency of all the cryoprotectants studied (Tables 6.1 and 6.2), 
propane-1,2-diol (3 M) was used preferentially since this compound proved less 
toxic to the embryos (Table 6.1) than to butane-2,3-diol. The vitrification 
characteristics of methanol and propane-1,2-diol mixture were studied by Mehl 
and Boutron (1984), they reported that although glass forming tendency of 
methanol was poor, complete vitrification can be still be obtained by replacing 
up to 20 %propane-1,2-diol by methanol in aqueous solution with 35 % solutes. 
In this study, 2 M methanol (NOEC at room temperature) was used. Vitrification 
solutions DPP, BPP and MPP appeared to be more stable than other solutions 
tested therefore were used for the later research. 
6.2.4 TOxicity of vitrification solutions 
Since the concentrations of solutes involved in achieving a vitrifiable solution are 
quite substantial, typically in excess of 30 %(w Iv), the toxicity of these solutes is 
always a serious consideration in the vitrification of the embryos. The toxicity of 
vitrification solutions DPP, BPP and MPP to both 6-somite and heart beat stage 
embryos was determined since the survival of these embryos was higher in the 
slow cooling experiments (Chapter 4). Embryos were eqUilibrated in 2 M DMSO 
(for DPP), 2 M propane-l,2-diol (for BPP) or 2 M methanol (for MPP) for 30 min 
at room temperature before exposure to the vitrification solutions for up to 20 
min at either 22 or 0 °C. 
Toxicity of vitrification solutions at 22 °e. The survival of 6-somite and heart 
beat stage embryos after exposure to vitrification solutions at 22°C for 20 min is 
shown in Fig. 6.1 - 6.2. Heart beat stage embryos appeared to be more tolerant to 
all vitrification solutions than 6-somite stage embryos (t = 6.15 to 43.8, P < 0.05). 
BPP was less toxic to both 6-somite and heart beat stage embryos than the other 
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to that of room temperature controls, which averaged 97.5 %. 
10 15 20 
vitrification solutions tested (t = 3.93 to 72.1, P < 0.05). Embryo survival after 20 
min exposure to BPP was 78 and 88 %for 6-somite and heart beat stage embryos 
respectively whilst no survival was observed after exposure to other vitrification 
solutions for 20 min at room temperature for both embryonic stages. The toxicity 
of the tested vitrification solutions increased in the order BPP < DPP < MPP for 
both stages and this order corresponds to increasing solute concentration (in 
molar) with the solution (MPP) containing the highest concentration « 7 M in 
total) shown to be the most toxic. 
Toxicity of vitrification solutions at 0 °e. Reducing the temperature during 
exposure from 22 to 0 °C significantly reduced the toxicity of DPP and MPP to 
both embryonic stages (t = 4.58 to 23.74, P < 0.05) (Fig. 6.3 - 6.4) but increased 
toxicity of BPP (t =7.82 to 38.98, P < 0.05). These results are consistent with other 
toxicity data in this present study (Table 6.1); the toxicity of DMSO and 
methanol to heart beat stage embryos was significantly reduced at 0 °C whilst no 
such reduction was observed for propane-1,2-diol and butane-2,3-diol at 0 0c. 
The results showed that vitrification solution toxicity was influenced by the 
nature and concentration of cryoprotectant, and the time and temperature of 
exposure. Prolonged exposure of embryos to vitrification solutions may lead to 
harmful effects due to chemical toxicity or osmotic shock (RaU, 1987). Different 
methods have been used to reduce vitrification solution toxicity or osmotic 
injury: (i) short time (no more than 5 min) of exposure to cryoprotectants (Fahy 
et aI, 1984; Arav et aI, 1988), (ii) use of low toxicity cryoprotectants individually 
(Rall, 1987) or in mixtures (Mas sip et aI, 1986), (iii) addition of non-permeating 
cryoprotectants (Fahy et aI, 1984), (iv) reduction of the cryoprotectant 
concentration (Rall, 1987), (v) exposure at low temperatures (Rall, 1987). As with 
mammalian (RaIl and Fahy, 1985; Shaw et al., 1992) and Drosophila embryos 
(Steponkus et al., 1990; Mazur et al., 1992), in order to minimise toxicity to 
zebra fish embryos, the solution with the lowest concentration (BPP) need to be 
used, the exposure time at higher concentrations need to be kept to a minimum 
(5 min) at appropriate temperatures (22 °C for BPP). 
6.2.5 Vitrification of zebrafish embryos 
The same solutions as used in 6.2.4 were used for vitrification of the embryos. 
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o0C. Embryos were exposed to 2 M DMSO (for DPP), 2 M propane-l,2-diol (for
BPP) or 2 M methanol (for MPP) for 30 min at room temperature before 
exposure to the vitrification solutions for up to 20 min. Survival was normalised 
to that of room temperature controls, which averaged 71.5 %. 
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Fig. 6.4 Toxicity of vitrification solutions to heart beat stage zebrafish embryos at 
o0C. Embryos were exposed to 2 M DMSO (for DPP), 2 M propane-t,2-diol (for 
BPP) or 2 M methanol (for MPP) for 30 min at room temperature before 
exposure to the vitrification solutions for up to 20 min. Survival was normalised 
to that of room temperature controls, which averaged 94.7 %. 
BPP was the best solution which had the least toxic combination allowing the 
content of straw to remain transparent during cooling as well as during 
warming, therefore was mainly adopted as vitrification solution. Other 
vitrification solutions (DPP and MPP) were also used as comparison. 6-somite 
and heart beat stage embryos were equilibrated in different cryoprotectants (2 M 
DMSO for DPP, 2 M propane-l,2-diol for BPP and 2 M methanol for MPP) at 
room temperature for 30 min to allow complete permeation of these 
cryoprotectants. Embryos were then dehydrated in DPP, MPP (at 0 °C) and BPP 
(at 22°C) for short time (5 min) to minimise the toxicity before plunging in to 
liquid nitrogen in straws. After vitrification, embryos were quickly thawed at 25 
°C and cryoprotectants were diluted in 0.5 M sucrose before being washed away 
in carbon-filtered tap water. 
Embryos were mostly ruptured after vitrification procedures although some 
embryos remained morphologically intact (Table 6.4) immediately after 
vitrification. Embryos were better protected in vitrification solutions containing 
butane-2,3-diol (2 M) + propane-l,2-diol (3 M) + polyethylene glycol 400 (6 %) 
(BPP). After vitrification procedures, -32 % 6-somite stage and -25 %heart beat 
stage embryos remained intact. In all cases collapse of vitelline membrane and 
rupture of the yolk of these embryos was observed within 15 min after 
treatment. For those embryos which possessed an intact chorion after 
vitrification (especially heart beat stage embryos), when treated with 1 M 
glucose, the chorion of the embryos shrunk and re-expanded, indicating that this 
membrane was still osmotically functional. 
In all of these experiments, embryos were observed to become temporarily 
opaque during warming which is an indication of ice formation within the egg 
especially following cracking of the glass resulting from thermal stresses caused 
by temperature differential across the glass during warming (Ran and Meyer, 
1989, Fahy et al., 1990). Wang et al. (1987) reported intracellular damage at 
temperatures between -80 and -60 DC during warming in their study of 
vitrification of fish embryos, and the differences of cracking of the glass in 
straws was also reported by Shaw et al. (1992). 
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Table 6.4 Survival of zebrafish embryos after each treatment 
of the vitrification procedures 
Treatment 
Equilibrated in 2 M DMSO (for DPP), 
2 M propane-l,2-diol (for BPP) or 2 M 
methanol (for MPP) at room 
temperature (22 °C) for 30 min 
Dehydration in DPP, MPP (at 0 °C) or 
BPP (at 22°C) for 5 min 
Vitrification in liquid nitrogen 
Equilibrated in 2 M DMSO (for DPP), 
2 M propane-l,2-diol (for BPP) or 2 M 
methanol (for MPP) at room 
temperature (22 °C) for 30 min 
Dehydration in DPP, MPP (at DOC) or 
BPP (at 22°C) for 5 min 
Vitrification in liquid nitrogen 
Vitrification solutions 

DPP BPP MPP 

Normalised survival of 6-somite stage 

embryos (%) 
99.8 ± 6.3 100 ± 4.8 
(91) (105) 
82.4± 7.1 85.8± 5.6 
-21 remain -32 remain 
intact intact 
Normalised survival of heart beat stage ,
embryos (%) 
99.9 ± 8.3 100± 5.1 100 ± 8.7 
(120) (103) (124) 
99.8 ± 5.1 97.4 ± 4.2 81.2 ± 7.6 
-15 remain -25 remain -23 remain 

intact intact intact 

100 ± 4.5 
(76) 
:144.4 ± 6.7 ]
!! 
I" ".: ",\ 
" 
ii,'; 1 
I i I;
-28 remain ;., I 
,,>,' II 
IN"'\: 1intact tll""~1 \ ~ 
Survival was normalised to that of room temperature controls, which averaged 
72.5 ± 7.8 and 95.3 ± 4.1 for 6-somite and heart beat stage zebrafish embryos 
respectively. Numbers in brackets are the total embryos used for each protocol. 
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The attempts of vitrification of zebra fish embryos under the condition employed 
showed no embryo viability. The low degree of cryoprotectant and water 
permeability of the embryos (Harvey and Chamberlain, 1982; Harvey et ai, 1983) 
might be directly responsible for embryo injury during vitrification procedures 
since these requirements was suggested as being essential for vitrification (RaIl, 
1985; Shaw et al., 1992). The permeation of cryoprotectants into the cytoplasm of 
the embryos plays an important role in determining whether or not injury will 
occur and dehydration was suggested to enhance the non-ideal behaviour of 
intracellular constituents such as proteins and aiding vitrification (RaIl, 1987). 
Therefore, the permeability of the membrane systems surrounding fish embryos 
was probably one of the most important areas to study (RalC 1993) if successful 
cryopreservation of these embryos is to be achieve. 
6.3 Conclusions 
a) The glass-forming properties of tested cryoprotectants were in the order of 
butane-2,3-diol > propane-1,2-diol » methanol > ethanediol > DMSO > 
polyethylene glycol 400 > acetamide > glycerol. Butane-2,3-diol and propane-
1,2-diol have much better glass-forming properties than other more commonly 
used cryoprotectants. 
b) In all cases, the addition of glucose, trehalose, sucrose and polyethylene glycol 
400 (0.5 M) reduced the minimum cryoprotectant concentration required for 
vitrification: from 10 to 7 M for methanol, 4 to 3 M for propane-1,2-diol. The 
greatest reduction achieved by the addition of polyethylene glycol 400 and 
reduced the vitrification concentration of methanol from 10 to 5 M, and from 4 
to 2 M for propane-1,2-diol. 
c) Vitrification solutions with the combination ofDMSO (2 M) + propane-1,2-diol 
(3 M) + polyethylene glycol 400 (0.5 M), butane-2,3-diol (2 M) + propane-1,2-diol 
(3 M) + polyethylene glycol 400 (6 %), and methanol (2 M) + propane~1,2-diol (5 
M) + polyethylene glycol 400 (6 %) vitrified in straws both during cooling and 
warming. Vitrification solutions were more stable in 0.25 ml straws. 
d) The vitrification solution containing butane-2,3-diol (2 M)I propane-l /2-diol (3 
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M) and polyethylene glycol 400 (6 %) was the least toxic of the solutions tested to 
6-somite and heart beat stage zebrafish embryos at 22°C. The toxicity of 
vitrification solutions was generally reduced at 0 °C with the exception of the 
BPP which was more toxic to embryos when added at 0 °C than 22°C. 
e) Attempts at vitrification of zebra fish embryos using vitrification solutions 
DPP, MPP and BPP resulted in no embryo survival, although up to 32 % 
embryos remained intact immediately after vitrification. Ice formation within the 
egg during warming was observed. In many cases, the chorion of the embryos 
retained its osmotic property after vitrification. 
6.4 Summary 
The attempts of vitrification of zebrafish embryos under the condition employed 
showed no embryo viability. A low degree of cryoprotectant permeation and 
dehydration, and consequently ice formation within the egg are probably the 
main factors affecting embryo survival. The very low permeability of embryo 
vitelline membranes is probably the main obstacle to overcome to achieve 
successful vitrification. 
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Chapter 7: The permeability of zebrafish (Brachydanio reria) embryos to 
water and cryoprotectants 
7.1 Introduction 
Cryoprotective agents are a necessary part of virtually all successful 
cryopreservation protocols, whether they be classical methods involving 
crystallisation of the extracellular solutions or vitrification methods which have 
received renewed interest recently. In either case it is of fundamental importance 
to understand the coupled membrane transport of water and cryoprotectant 
which occurs when a cryoprotectant is added or removed from the extracellular 
solution (McGrath et aI, 1992). In the teleost egg, two distinct membranes are 
reCOgnised; namely, the outer chorionic membrane (zona radiata) and the inner 
vitelline membrane (plasma membrane). The chorion was suggested as a 
permeability barrier which could retard the exchange of solutes with the 
perivitelline space in zebrafish (Harvey et ai, 1983). In designing an optimal 
protocol for cryopreservation of zebrafish embryos, the measurement of both 
membrane permeability to water and cryoprotectant and its temperature 
dependence is one of the crucial requirements, and has not been studied 
systematically. Some techniques have been reported for measuring permeability 
of zebrafish embryos or volumetric behaviour of other biological cells (Harvey 
and Chamberlain, 1982; Harvey et al., 1983; Schwartz and Diller, 1983; Lin et al., 
1989; Lin et al.I 1992; Fuller et al., 1992). 
In this study the permeability of the chorion of gastrula and heart beat stage 
embryos to a range of potential cryoprotective solutes, including small molecules 
such as methanol and large solutes such as sucrose was examined at both 22 and 
o 0c. Real time video microscopy of embryos during cryoprotectant exposure 
and computer image analysis software was used which allowed simultaneous 
vieWing, recording, and analysis of the volumetric response of individual cells 
during osmotic manipulation. In addition, the permeability of egg chorion and 
embryo vitelline membrane was examined using rhodamine. 
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7.2 Results and discussions 
7.2.1 Zebrafish chorion permeability to cryoprotectants at 22 °C 
Nine cryoprotectants methanol (2 M), DMSO (2 M), glycerol (2 M), ethanediol (2 
M), acetamide (2 M), propane-l,2-diol (2 M), butane-2,3-diol (2 M), glucose (1 M) 
and sucrose (1 M), and heart beat stage embryos were used for these 
experiments with 10 embryos for each exposure. Volumetric changes of the 
embryos were estimated for 40 min using real time video microscopy during the 
exposure of each of the cryoprotectants. Mean chorion volume and its standard 
deviation were determined at 1, 2, 3, 5, 7, 10 min and every 5 min thereafter, 
following exposure to cryoprotectants and were converted to fractional volumes 
by dividing by the mean embryo volume in carbon-filtered tap water, 4.93 x 108 
fJ-m3. 
Based on their volumetric response as a function of time at 22°C, the 
permeability of heart beat stage zebra fish embryos is shown in Fig 7.1 and 7.2. 
Embryos treated with methanol, DMSO, glycerol, acetamide, ethanediol, 
propane-l,2-diol, butane-2,3-diol and glucose shrank initially (from 7 % for 
methanol to 40 %for glucose), due to water loss, then re-expanded to their initial 
volumes (Plate 7.1a and b). This behaviour indicated complete permeation of 
these cryoprotectants, and equilibration of cell volume was achieved within 3 
min for methanol and 35 min for glucose. When embryos were treated with 1 M 
sucrose, the degree of shrinkage was about 45 % of the initial volume, and 
embryos remained shrunken during the exposure indicating that heart beat stage 
embryos are not permeable to sucrose. The comparison of heart beat stage 
embryo permeability to nine cryoprotectants indicates that based on their 
volumetric response as a function of time at 22°C, the permeability of the 
chorion of heart beat stage embryos to nine cryoprotectants is in the order of 
methanol> acetamide> ethanediol > DMSO > propane-I,2-diol > butane-2,3­
diol, glycerol> glucose> sucrose. This order reflects the molecule weight of the 
compounds, with the smallest molecule, methanol, penetrating fastest and the 
largest molecule, sucrose, not penetrating. 
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(a) heart beat stage embryo after treatment in 2 M propane-l,2-diol for 1 min 
(b) heart beat stage embryo after treatment in 2 M propane-l,2-diol for 15 min 
Plate 7.1: Volumetric changes of heart beat stage embryos during a 40 min 
treatment in 2 M propane-l,2-diol at 22°C. 
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Studies by Harvey and Ashwood-Smith (1982) using radiolabeled 
cryoprotectants and the eggs of salmonid fishes also found that methanol 
penetrates egg membranes faster than DMSO and glycerol. Other cell types are 
also rapidly penetrated by methanol, including plant cells (Morris, 1980), 
mammalian tissue culture cells (Ashwood-Smith, 1980) and invertebrate 
embryos (Renard and Cochard, 1989). The study of Harvey et al. (1983) on the 
permeability of intact zebrafish embryos to glycerol and DMSO showed that 
glycerol enters the membranes of gastrula stage zebra fish embryos more rapidly 
than DMSO and, after 2 h, the degree of glycerol permeation is roughly three 
times that of DMSO. The results from this present study showed that the 
permeability of the chorion of heart beat stage embryo to glycerol was inferior to 
DMSO indicating different osmotic properties of the chorion and vitelline 
membranes. 
Propane-l,2-diol has been reported to penetrate human platelets, human oocytes 
and abalone eggs rapidly (Arnaud and Pegg, 1986; Bernard et al., 1985; Lin et al., 
1992). In this present study the permeability of heart beat stage zebrafish embryo 
chorion to propane-l,2-diol is superior to butane-2,3-diol, and glycerol but 
inferior to DMSO, acetamide and ethanediol. This is in agreement with previous 
studies on propane-1,2-diol, butane-2,3-diol and glycerol permeability of small 
abalone eggs, unfertilised mouse and human oocytes (Lin et aI., 1992; Fuller et al., 
1992). 
Glucose which is a larger molecule than those mentioned above, also appeared 
to penetrate the zebrafish chorion, and permeation was completed within 35 
min. This result indicates that the zebrafish chorion is probably more permeable 
than the chorion of some other teleost, which were reported not to be permeable 
to glucose (Ikeda, 1934). The high molecular weight solute sucrose did not 
penetrate zebrafish chorion which was in agreement with previous reports on 
many biological cells (prescott and Zeuthen, 1953; Krag et aI., 1985; Renard and 
Cochard,1989). 
7.2.2 Zebrafish chorion permeability to cryoprotectants at O°C 
The permeability of heart beat stage embryos to 2 M methanol, DMSO, propane-
1,2-diol and butane-2,3-diol was also measured at 0 dc. The comparison of 
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embryo volumetric changes on exposure to cryoprotectants at both 22°C and 0 
°C showed that the permeability of heart beat stage embryos was significantly 
reduced at O°C (Fig. 7.3 - 7.7). The equilibration time at 0 °C compared to 22°C 
increased by the following factors: 8.3, 4.3, 6 and 7 for methanol, DMSOt 
propane-l t2-diol and butane-2,3-diol respectively. The greatest reduction in 
embryo permeability was obtained for methanol, but the penetration of 
methanol was still the fastest when compared with DMSO, propane-1,2-diol or 
butane-2,3-diol. 
Biomembrane activities have long been recognised to be influenced by 
temperature (pringle and Chapman, 1981). Membrane permeability of eggs and 
embryos have been reported to exhibit inverse correlation between permeability 
and temperature for mammalian (Leibo, 1980), Drosophila (Lin et al., 1989) 
embryos, unfertilised amphibian 'eggs (Haglung and L0vtrup, 1966) and human 
oocytes (Hunter et aI, 1992). The results from the present study suggest this 
relationship is also true for the chorion of zebrafish embryos. 
7.2.3 Effect of embryo development stage on chorion permeability to 
cryoprotectants 
The comparison of permeability of zebra fish embryos to cryoprotectants was 
made between embryonic development stages; gastrula and heart beat stages 
were used for these experiments. The volumetric changes of gastrula and heart 
beat stage embryos as a function of time in 2 M methanol, DMSO, propane-l,2­
diol and butane-2,3-diol at 22°C were determined (Fig. 7.8 - 7.11). The 
permeability of gastrula stage embryos to these four cryoprotectants decreased 
in the order methanol> DMSO > propane-l /2-diol > butane-2,3-diol. This order 
was the same as for heart beat stage embryos, but equilibration times were 
significantly different. The equilibration time needed for gastrula stage embryos 
compared to heart beat stage embryos at 22°C increased by the following 
factors: 2.3, 2.0, 2.8 and 2.7 for methanol, DMSO, propane-l,2-diol and butane-
2,3-diol respectively. Therefore although the two embryo stages respond 
similarly, the heart beat stage embryos appear to have higher permeability. 
The membrane permeability of fish eggs and embryos has been shown 
previously to vary with developmental stages (Gray, 1932; Aff1eck~ 1953; Harvey 
• 
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a~d ~hamberlain, 1982). The study of Harvey and Chamberlain (1982) on 
vltelhne membrane water permeability in the developing embryo of zebrafish 
~howed that stages between early high blastula and one-half epiboly were 
Judged to be most permeable to water. In the studies reported here, the chorion 
of heart beat stage embryos appeared to have higher permeability to 
cryoprotectants than early development stage, the permeability of the chorion of 
zebrafish embryos appeared to increase with increasing development stage. 
7.2.4 Assessment of embryo membrane permeability using rhodamine 
The colour sequence of Drosophila embryos after rhodamine treatment was 
reported (Mazur et aZ., 1992) to correlate well with the rate at which the embryos 
undergo osmotic dehydration in sucrose solution, and therefore the method was 
used to examine the degree of embryo permeability after permeabilisation 
(Mazur et al., 1993). This method was adopted in the present study and the 
permeability of chorion and vitelline membrane of both intact and 
dechorionated zebra fish embryos was examined. Gastrula and 6-somite stage 
embryos were exposed to 1 %rhodamine for 5 min, embryos were then washed 
to remove rhodamine in the bathing solution, and the colour of the embryos 
after staining was examined under a microscope. 
After treatment in rhodamine, intact embryos of both embryo development 
stages became ruby dark whilst dechorionated embryos were hardly stained 
(Plate 7.2a and b, Plate 7.3a and b), indicating a good degree of rhodamine 
permeation of the chorion and a very low degree of rhodamine permeation of 
the vitelline membrane. 
The chorion of zebrafish embryos is approximately 10 J.LID in thickness. Circular 
pores of an average diameter of 1.5 /-Lm are separated from one another by 
distances ranging from 1.5 - 3.0 /-Lm and occur over the entire chorionic surface 
(Laale, 1977). The permeability study of the chorionic membrane of zebrafish 
embryos clearly showed that this non-living structure is permeable to water and 
cryoprotectant although time needed for different cryoprotectants to penetrate 
may vary. These results supported the previous findings that the exte~al egg 
membrane (chorion) of the zebrafish is a leakage membrane which IS freely 
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(a) gastrula stage embryo after treatment in rhodamine 
(b) heart beat stage embryo after treatment in rhodamine 

Plate 7.2: Intact zebrafish embryos after treatment in 1 % rhodamine 

for 5 min at 22°C 
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(a) dechorionated gastrula stage embryo after treatment in rhodamine 
(b) dechorionated heart beat stage embryo after treatment in rhodamine 

Plate 7.3: Dechorionated zebrafish embryos after treatment in 1 % rhodamine 

for 5 min at 22°C. 
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permeable to water and ions (Hisaoka, 1958) but is impermeable to large 
molecules (Pott and Eddy, 1973), colloids (Bogucki, 1930) and protein (Prescott, 
1955). The selectively permeable membrane must be the vitelline membrane 
(Hisaoka, 1958). Other studies have also shown that despite the conventional 
conclusion that plasma membranes of fish eggs are impermeable to water (Gray, 
1932; Krogh and Ussing, 1937; Potts and Rudy, 1969), the vitelline membrane of 
salmon (Kalman, 1959; Clarence and L0vtrup, 1970) and zebrafish eggs (Harvey 
and Chamberlain, 1982; Harvey et al., 1983) is moderately permeable to water 
and solutes as well, but the degree of permeation is low. The impermeability of 
teleost vitelline membrane may be due to the precipitation of lipoprotein at the 
yolk surface (Prescott, 1955) and replacement of the cortical granules limiting 
membrane by egg plasma membrane (Hart et at., 1977), during water activation 
of the egg. 
The permeability of embryo membranes to water and solutes not only affects the 
osmotic response before cooling and after thawing, but also influences the 
response of the cell during cooling and thawing (Schneider and Mazur, 1984). 
The inability to achieve sufficient penetration of the vitelline membrane of 
zebrafish embryos by cryoprotectants poses severe problems for long term 
cryopreservation. The problems of cryoprotectant penetration may need to be 
overcome, possibly by permeabilisation of the vitelline membrane. Mature 
oocytes (ovarian eggs) of Pleuronectes platessa, Salmo salar and Esox lucius have 
been reported to have a highly permeable vitelline membrane when compared 
with the vitelline membrane of the fertilised eggs (Potts and Rudy, 1969; 
Loeffler, 1971; Potts and Eddy, 1973), the potential of the use of ovarian eggs for 
cryopreservation may also need to be studied. 
7.3 Conclusions 
a) The studies of zebra fish embryo permeability to cryoprotectants showed that, 
based on their volumetric response as a function of time at 20°C, the 
permeability of heart beat stage embryos was in the order methanol> acetamide 
> ethanediol > DMSO > propane-l /2-diol > butane-2,3-diol, glycerol> glucose> 
sucrose. This order reflects the increasing molecular weight of the 
cryoprotectants. 
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-b) Based on their volumetric response as a function of time at 20 ae, heart beat 
stage embryos appear to have higher permeability to cryoprotectants than 
gastrula stage embryos. The permeability of the chorion of zebrafish embryos 
appeared to increase with increasing development stage. 
c) The comparison of embryo volumetric changes at both 22°C and 0 °C showed 
that permeability of heart beat stage embryos to cryoprotectants was 
significantly reduced at 0 DC. The greatest reduction in embryo permeability was 
shown for methanol, but it was still the fastest to equilibrate. 
d) The assessment of embryo membrane permeability using rhodamine showed 
a good degree of rhodamine permeation of the chorion but a very low degree of 
rhodamine permeation of the vitelline membrane. 
7.4 Summary 
The results of zebrafish embryo permeability studies demonstrated that the 
external membrane (chorion) of the embryos was permeable to water and 
cryoprotectants but the permeability of the internal vitelline membrane was very 
low. The inability to achieve sufficient penetration of the vitelline membrane of 
zebrafish embryos by cryoprotectants poses severe problems for long term 
cryopreservation. The problems of cryoprotectant penetration may need to be 
overcome, possibly by permeabilisation of the vitelline membrane, to obtain 
successful cryopreservation. 
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Chapter 8: Conclusions 
8.1 Achievement of aims 
Cryopreservation of fish embryos is a difficult problem in cryobiology, and 
despite many attempts with eight fish species, teleost embryos have not been 
successfully cryopreserved. The aim of this investigation was to develop 
cryopreservation techniques for preservation of fish embryos. Zebrafish was 
chosen as a suitable model system for fish embryo cryobiological studies based 
on the following criteria; small adult size, embryos can be maintained in vitro, 
the embryology is well-characterised, eggs and embryos can be obtained daily, 
appropriate reproductive biotechniques are available and have been the subject 
of previous cryobiological studies. 
In order to achieve the aim of this study, investigations were carried out in three 
areas which were seen as crucial to enable protocols for embryo 
cryopreservation to be designed; (1) toxicity studies of cryoprotectants, (2) 
embryo permeability studies, and (3) chilling sensitivity studies of the embryos. 
The findings from these studies formed the basis of the developmental process 
for protocol design of controlled slow cooling, non-freezing storage and 
vitrification of the embryos. Although the original aim of this study has not been 
completely achieved, considerable progress has been made in identifying the 
remaining problem areas and potential methods to overcome them. 
8.2 Review of the main findings 
8.2.1 Studies of cryoprotectant toxicity, chilling sensitivity and membrane 
permeability on zebrafish embryos 
8.2.1.1 Cryoprotectant toxicity to zebrafish embryos 
The toxicity of cryoprotectants limits the concentration that can be used before 
and during cooling and therefore limits the cryoprotective efficiency of these 
agents. The toxicity of a wide range of cryoprotectants was studied and included 
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several agents (such as propane-l,2-diol and butane-2,3-diol which have recently 
been used for vitrification studies) for which no data on toxicity to fish embryos 
have been reported to data. Cryoprotectant toxicity studies on zebrafish embryos 
(Chapter 3, section 3.3) demonstrated that embryo damage can be minimised by: 
(a) careful selection of embryo developmental stage; post-heart beat stages were 
shown to be the least sensitive to cryoprotectants. 
(b) selection of appropriate pre-treatment regimes; intact embryos were least 
sensitive to cryoprotectant. 
(c) use of cryoprotectants with low toxicities; propane-1,2-diol and methanol 
proved least toxic. 
(d) use of sugars to supplement cryoprotectant solutions. 
(e) use of defined temperature regimes for cryoprotectant treatment. 
In terms of cryoprotectant toxicity, the combination of intact heart beat stage 
embryos, exposed to cryoprotectants propane-l,2-diol or methanol under 
defined concentration/temperature regimes appeared the most likely to be 
successful in cooling experiments. 
8.2.1.2 Zebrafish embryo chilling sensitivity 
The process used to develop an effective cryopreservation procedure for 
Drosophila melanogaster embryos (Steponkus et aI., 1990) provided an important 
lesson on the need to review the entire life cycle of an animal in order to 
detennine the most appropriate developmental stage for cryopreservation (RaIl, 
1993), because chilling sensitivity varies with the stage of development. There 
has been no published information on zebrafish embryo chilling sensitivity. The 
studies of chilling sensitivity of embryos at different developmental stages at 
zero and subzero temperatures (Chapter 5, section 5.3) indicated that: 
(a) early developmental stages of zebrafish embryos were most temperature 
sensitive. 
(b) 27- to 40-h developmental stage embryos were the least chilling sensitive. 
(c) dechorionated embryos were more sensitive to chilling then intact embryos. 
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This tropical species proved to be very chilling sensitive, probably resulting 
from the large amounts of intra-embryonic lipids (Jared and Wallace, 1968) 
which were suggested to be highly sensitive to chilling injury in mammalian 
embryos (PoIge et al., 1974). To minimise chilling sensitivity, the least sensitive 
stages (27 - 40 h) of intact embryos were used in cooling experiments. Ultra­
rapid cooling (vitrification) techniques were also investigated with a view to 
avoiding chilling injury, since this technique had been successfully used for 
Drosophila embryo cryopreservation (Steponkus et al., 1990). 
8.2.1.3 Permeability of zebrafish embryos to water and cryoprotectants 
The interaction of cellular permeability with other cryobiological factors is one of 
the most important considerations for developing effective cooling protocols 
(Mazur, 1970). The permeability of embryo membranes to water and solutes not 
only affects the osmotic response before cooling and after thawing, but also 
influences the response of the cell during cooling and thawing (Schneider and 
Mazur, 1984). The studies of embryo membrane permeability to water and 
cryoprotectants (Chapter 7, section 7.3) indicated that: 
(a) the permeability of embryo chorion to cryoprotectants reflects the molecular 
weight of the agents. 
(b) the permeability of the chorion appeared to increase with increasing 
development stage. 
(c) permeability of the embryo chorion was reduced with decreasing 
temperature. 
but the(d) the chorion of zebrafish embryos is effectively permeable, 
penneability of the vitelline (plasma) membrane is very low. 
The impermeability of the teleost vitelline membrane may be due to the 
precipitation of lipoprotein at the yolk surface (Prescott, 1955) and replacement 
of the cortical granules limiting membrane by an egg plasma memb~an~ (~art et 
al 1977) during water activation of the egg. The permeability studles mdIcated 
./ h 1 the optimal combination for that heart beat stage embryos and met ano are 
cooling studies. 
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8.2.2 Cooling protocols 
8.2.2.1 Controlled slow cooling 
The only previous report on the cryopreservation of zebrafish embryos using 
controlled slow cooling (Harvey, 1983) was conducted on gastrula stage embryos 
using cryoprotectants DMSO and glycerol. The study showed that embryos only 
survived for a short period after cooling to -25 °C, and no embryo developed 
beyond the eyed stage. In this present investigation, cryopreservation of 
zebrafish embryos using controlled slow cooling (Chapter 4, section 4.3) 
indicated that: 
I 
I 
(a) 27-h (heart beat) embryos are the optimum stage for controlled slow cooling. 
(b) methanol was the most effective cryoprotectant. 
(c) sucrose supplemented methanol increased the hatch percentage of the 
embryos.II (d) the optimum cooling rate was 0.3 °C/min.Ii (e) rapid thawing was superior to slow thawing. 
(f) two step addition of cryoprotectant improved the survival.,I 
I The best embryo survival, evaluated in tenus of percentage hatch for heart beat 
.Ii'.'." stage embryos was achieved with 3 M methanol protection (supplemented with 
, 
~, 0.05 M sucrose) in two step addition, a cooling rate of 0.3°C/min and a thawing 
I.·.·.'r. rate of -300°C/min, was 96 % (-10 °C), 72 % (-15°C), 46 % (-20 °C) and 11 % (-25 
°C). No embryos hatched after cooling to -30°C. Cooling of zebrafish embryosi 
by conventional slow cooling methods showed that ice formation within the eggI.. ... ....•.·~.· · ·. was inevitable even when embryos were cooled with a high concentration of 
cryoprotectant and at a slow rate. Therefore ice free cryopreservation methods 
I including non-freezing supercooling storage and vitrification of zebrafish embryo were investigated. I 
~ 
8.2.2.2 Non-freezing storage of the embryos at zero and sub-zero temperatures 
Supercooling, a phenomenon quite common among life forms inhabiting regions 
of extreme cold, eliminates extreme stresses and therefore suggests itself as a 
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suitable tactic for storage of embryos (Fuku et al., 1992). Supercooling storage of 
zebrafish embryos has not been studied previously. In this present investigation, 
non-freezing (supercooling) storage of zebrafish embryos at zero and subzero 
temperatures (Chapter 5, section 5.3) indicated that: 
(a) a mixture of methanol and sucrose provides the best protection. 
(b) the optimal concentrations of methanol increased as the storage temperature 
decreased. 
(c) survival after supercooled storage decreased with increaSing storage time and 
decreasing temperature. 
Whilst 30 % heart beat stage embryos survived 24 h at _5°C, survival was 
reduced to 14 % after 1 h at -15°C for storage in the medium containing 
methanol supplemented with sucrose. No embryo survival was achieved after 
72 h at 0 °C or 1 h at -20°C. The potential use of this method for zebrafish 
embryo is limited. The loss of embryo viability may be related to several factors 
including chilling injury of the embryos, cryoprotectant toxicity and osmotic 
stress. 
8.2.2.3 Vitrification of the embryos 
Vitrification has recently been successfully used for the cryopreservation of 
Drosophila melanogaster embryos (Steponkus et al., 1990; Mazur et aI., 1993), but 
hardly studied with fish embryos. The study of glass-forming properties of 
cryoprotectants and vitrification of zebrafish embryos using plastic straws 
(Chapter 6, section 6.3) indicated that: 
(a) butane-2,3-diol and propane-l,2-diol vitrify in straws at much lower 
concentration than other tested cryoprotectants. 
(b) sugars and polyethylene glycol 400 reduced the minimum cryoprotectant 
concentration required for vitrification. 
(c) a mixture of butane-2,3-diol (2 M), propane-l,2-diol (3 M) and polyethylene 
glycol 400 (6 %) was the least toxic vitrification solution tested at 20°C. 
(d) no embryo survived vitrification although up to 32 % embryos remained 
morphologically intact. 
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Embryos were observed to b t . 
. .... ecome emporanly opaque during warming which 
IS an IndIcatIOn of Ice formation within the egg especially following cracking of 
the glass. Poor cryoprotectant f d .permea lOn, ehydratlOn and consequently ice 
formation within the egg are probably the main factors on affecting embryo 
survival. 
The comparison of the main findings from present studies and other published 
observations were summarised in Table 8.1. 
Table S.l: Comparison of the main findings from present studies and other 
published observations on zebrafish embryos 
Previous observations Findings from present 
(Harvey et aZ., 1983; studies 
Harvey, 1983) 
Maximum 1 MDMSOfor2hat 3 M propane-1,2-diol for 
cryoprotectant 23°C (7 h embryo) 30 min, 2 M methanol 
concentration tolerated for 5 h at 22°C 
(27 h embryo) 
Optimal embryo gastrula stage (7 h) heart beat stage (27 h) 
development stage 
Optimal cryoprotectant Glycerol methanol 
Optimal cooling rate 0.5 °C/min 0.3°C/min 
Optimal warming rate 43°C/min -300°C/min 
Minimum temperature no embryo developed 11 %hatched at -25°C 
achieved with survival until eyed stage after 
cooling to -25°C 
storage,There is no published data on chilling sensitivity, non-freezing 
vitrification and chorion permeability of zebrafish embryos. 
8.3 Conclusions 
There are five key areas where considerable progress has been made in 
developing a method for cryopreservation of zebrafish embryos: (1) identifying 
effective cryoprotectant solutions, (2) establishing the extent of chilling 
sensitivity, (3) determining the optimum embryo developmental stage for 
cryopreservation, (4) identifying embryo membrane permeability barriers, and 
(5) identifying potential method for future zebrafish embryo cryopreservation. 
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8.3.1 Optimum cryoprotectants for zebrafish embryo cryopreservation 
Previous cryobiological studies on this species were only performed using the 
conventional cryoprotectants DMSO and glycerol (Harvey et al., 1983). In this 
present investigation, the toxicity and penetration of a wide range of 
cryoprotectants were studied to several embryo developmental stages. Methanol 
was much more effective than previously used cryoprotectants for controlled 
slow cooling and non-freezing storage of zebrafish embryos, due to its fast 
penetration of embryo membranes and low toxicity. The greatest protection was 
obtained when it was supplemented with sucrose and exposed to embryos at 
appropriate concentration/temperatures combination. Propane-l,2-diol has the 
lowest toxicity to zebra fish embryos and high glass-forming properties, and in 
combination with butane-2,3-diol and polyethylene glycoC appeared to be 
optimal cryoprotectant for use in vitrification solutions. 
8.3.2 Zebrafish embryo chilling sensitivity 
This is the first time that zebrafish embryo chilling sensitivity has been 
investigated for embryo development stages from fertilisation to hatching. The 
studies of embryo chilling sensitivity showed that zebrafish embryos are very 
chilling sensitive, and the early development stages « 10 h) are the most 
sensitive to chilling injury. A comparison of these results with those reported for 
Drosophila embryos indicates that the embryos of zebrafish are more sensitive to 
chilling injury than those of Drosophila, which are already considered to be 
'extremely sensitive to temperature' (Steponkus et aI, 1990). This information on 
chilling sensitivity of zebrafish embryos is essential in designing cooling 
protocols and appears to have been ignored in the past. 
8.3.3 Optimum embryo developmental stage for cryopreservation 
Pervious studies of the cryopreservation of zebrafish embryos were only 
performed on a single embryo development stage (7~h) (Harvey, 1983). In this 
present study, several embryo developmental stages were investigated since 
cryoprotectant toxicity, chilling sensitivity and embryo permeability vary with 
the stage of development. Embryo developmental stages after closure of the 
blastopore (>12-h), especially post heart beat stages were much more resistant to 
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cryoprotectant toxicity and chilling injury, and the permeability of the embryo 
chorion to cryoprotectant at these stages also appeared to be higher than early 
embryo developmental stages. Heart beat stage (27-h) embryos proved to be the 
best developmental stage for controlled slow cooling and non-freezing storage. 
8.3.4 Embryo membrane permeability barriers 
Previous studies on the cryopreservation of zebrafish embryos suggested that 
the chorion of the embryos was the 'most likeli permeability barrier to water 
and cryoprotectants (Harvey et al., 1983). However, this present investigation 
has demonstrated that the chorion of the embryos was effectively permeable to 
water and cryoprotectants, but the permeability of the internal vitelline (plasma) 
membrane was very low. The results indicated that the main barrier for 
cryoprotectant penetration of zebrafish embryos is the vitelline membrane. 
One consideration associated with embryo membrane permeability is whether 
dechorionated embryos should be used for cryopreservation. Since the chorion 
was suggested as the most likely permeability barrier (Harvey, 1983), 
dechorionated embryos are often considered best (Hagedorn et al., 1993) for 
cryopreservation studies. This present study indicated that dechorionated 
embryos were more sensitive to cryoprotectant toxicity, chilling injury and 
mechanical damage than intact embryos. Since the chorion has been shown not 
to be the main permeability barrier, retention of the membrane during 
cryopreservation would be beneficial. If however dechorionated embryos are 
needed to allow such treatment as vitelline membrane permeabilisation, 
methods need to be developed to overcome their increased sensitivities. 
8.3.5 Potential approach for future zebrafish embryo cryopreservation 
Since all cryopreservation methods based on low temperature storage requires 
the use of cryoprotectants, the toxicity of these cryoprotectants is crucial. To 
minimise toxicity, low toxicity cryoprotectants and their mixtures must be used. 
Two major hurdles to successful zebrafish embryo cryopreservation have been 
identified from this present study: low permeability of the embryo vitelline 
membrane and high embryo chilling sensitivity. 
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The inability, to date, to achieve sufficient penetration of the embryo vitelline 
membrane by cryoprotectants poses severe problems for long term 
cryopreservation. Approaches to be taken could include permeabilisation of the 
vitelline membrane and this should be explored without removal of the chorion 
to minimise sensitivity. Mature oocytes (ovarian eggs) of Pleuronectes platessa, 
Salmo salar and Esox lucius have been reported to have a highly permeable 
vitelline membrane when compared with the vitelline membrane of the fertilised 
eggs (Potts and Rudy, 1969; Loeffler, 1971; Potts and Eddy, 1973). The potential 
use of ovarian eggs of zebrafish for cryopreservation should also be investigated. 
Alternative methods of cooling must be investigated to overcome the problems 
associated with embryo chilling sensitivity. Non-freezing (supercooling) storage 
maintains embryos in the temperature range (0 to -20 °C) known to induce 
chilling injury and consequently, survival of the embryos after storage at zero 
and sub-zero temperatures was poor, even when high concentrations of 
cryoprotectant with low toxicity was used. 
Similar problems remain if controlled slow cooling is used. In this case, embryos 
need to be cooled sufficiently slow to minimise ice formation, but prolonged 
exposure of these embryos at temperatures between 0 and -20 induces chilling 
injury. Even if permeabilised embryos are to be used, cooling rate would still be 
expected to be relatively low to allow sufficient embryo dehydration within the 
required temperature range. Since attempts to cryopreserve Drosophila embryos, 
which are less chilling sensitive then zebrafish embryos, have failed, controlled 
slow cooling is unlikely to be successful with zebrafish embryos. 
Chilling sensitivity of zebrafish embryos can be overcome by vitrification. 
Vitrification procedures, use highly concentrated cryoprotectant solutions to 
dehydrate the specimens before quenching in liqUid nitrogen and preclude ice 
formation both in vitrification solution and the specimen. This approach, at least 
for Drosophila melanogaster embryos (Steponkus et al., 1990; Mazur et al., 1993), 
minimised chilling injury. Sufficient cryoprotectant penetration and osmotic 
dehydration still needs to be achieved either by using permeabilised embryos or 
ovary eggs (which may have a much more permeable vitelline membrane) to 
make successful cryopreservation by vitrification possible. 
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8.4 Suggestions for future work 
An important area for future study is the investigation of the permeability 
characteristics of the embryos, especially of the inner vitelline membrane, during 
development from eggs and fertilised zygotes to hatching. The permeation of 
water and a range of potential cryoprotective solutes should be determined, 
including small molecules (e.g. methanol) and larger solutes (e.g. sugars). Boyle 
van't Hoff relationship for determining 'unavailable volume' for water and 
solutes (Leibo, 1980), Kedem-Katchalsky coefficients for solute permeability (00), 
reflection coefficient (0) and water permeability (Lp) should be examined 
(McGrath et al.I 1992). For these studies, computer aided real time video 
microscopy is going to be used. The dynamic volumetric changes of the embryos 
during cryoprotectants exposure is going to be recorded, measured and 
analysed. A video camera, a computer and related software for image recording 
and analysing have been purchased for this purpose, the computer model and 
related software for determining permeability coefficients is also going to be 
used. 
Further studies are also needed on the properties of the membrane systems 
surrounding the embryo (vitelline membrane). It is possible that the 
permeabilisation of the vitelline membrane would speed the penetration of 
cryoprotectant and water, since the water permeability of teleost eggs was 
reported to among the lowest reported for thin membranes (Dunham et aI, 1970). 
Techniques need to be developed if permeabilisation is going to be employed in 
the cryopreservation procedures for both intact and dechorionated embryos. 
The use of vitrification for fish embryo cryopreservation need to be studied 
further. Anti-freeze glycoproteins in vitrification solutions have been reported 
(Rubinsky et aI, 1992) to protect cell membranes from damage caused by low 
temperatures. It has also been reported that plunging embryos into a mixture of 
solid and liquid nitrogen (N2-s1ush) increased survival of Drosophila melanogaster 
embryos compared to liquid nitrogen alone (Mazur et aI, 1993). The application 
of these techniques to fish embryo vitrification needs to be studied. 
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Appendix A 
Figures of the results of individual cryoprotectant toxicity to zebrafish 
embryos at different stages. Embryos were exposed to cryoprotectants at 
concentration of 0, 0.5, 1, 2 and 4 M for 30 min at 22 °C in a one step addition. 
In graphs, '+' indicated the values significantly above control; I_' indicated the 
values significantly below control. 
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AppendixB 
The following co-authored papers were produced during the course of the research 
project: 
Zhang T., Rawson, D. M. and Morris, G. J. (1993). Cryopreservation of pre-hatch 
embryos of zebrafish (Brachydanio rerio). Aquatic Living Resources, 6, 145-153. 
Zhang, T. and Rawson, D. M. (1993). Cryoprotectant toxicity and penneability 
studies on zebrafish (Brachydo.nio rerio) embryos. Cryobiology, 30, 640 [Abstract]. 
i 
• 
Zhang, T. and Rawson, D. M. (1994). Studies on 
(Brachydanio rerio) embryos. Cryobiology, (submitted). 
chilling sensitivity of zebrafish 
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Studies on chilling sensitivity of zebrafish (Brachydanio rerio) embryos 
TIANTIAN ZHANG AND DAVID M. RAWSON 
The Research Centre, University of Luton, 24 Crawley Green Road, Luton, 
Bedfordshire, LUI 3LF, United Kingdom 
Abstract 
Two related studies on chilling and non-freezing storage of zebrafish 
(Brachydanio rerio) embryos were undertaken. In the first part of the 
investigation, ten developmental stages of zebrafish embryos were studied for 
chilling sensitivity. Early development stages were the most sensitive to chilling, 
with approximately 50% of 3-, 7-, 15-,20- and 27-h (heart beat stage) embryos 
being killed by exposure to DoC for periods of 0.2,4,14, 16 and 20 h respectively. 
27-h embryos tolerated a temperature of O°C for up to 10 hours without adverse 
effect, but embryo survival was significantly reduced at sub-zero temperatures. 
Whilst 27- to 4O-h stage embryos showed similar sensitivity to chilling, 45- to 49­
h (pre-hatch) stage embryos showed increased sensitivity. In the second part of 
the investigation, the cryoprotective effects of various media on chilling 
sensitivity were studied. The presence of sucrose or trehalose slightly enhanced 
cooling tolerance of the embryos. Methanol proved to be a better cryoprotectant 
than propane-l,2-diol or dimethyl-sulfoxide, and the optimal methanol 
concentration was temperature dependant, being 1 M at DoC; 2 M at _5°C; 3 M at 
-10°C and S Mat -1 Soc. Survival of supercooled embryos decreased with storage 
time and temperature. No embryo survived exposure for 72 hat O°C or 1 hat -20 
°C. The highest embryo survival after 24 h storage was 81.8 :!: 9.2% at DOC and 
28.6 :!: S.8% at -SoC, using a bathing medium of methanol (1 and 2 M 
respectively) supplemented with sucrose (0.1 M). The loss of embryo viability 
may be relate to chilling injury, cryoprotectant toxicity, osmotic stress or other 
factors. 
Intrad llction 
In order to achieve successful cryopreservation of teleost embryos, information is 
reqUired on embryo chilling sensitivity, cryoprotectant toxicity, and optimum 
life-cycle stages for low temperature storage (14). Recent development of 
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effective cryopreservation procedures for Drosophila melanogaster embryos has 
shown the importance of these parameters together with information on the 
permeability of water and cryoprotectant (17). Intracellular and extracellular ice 
formation, during controlled slow freezing of fish embryos, subjects the embryos 
to extreme hypothermic, mechanical, osmotic, and chemical stresses (8,12). 
Supercooling, a common phenomenon in organisms inhabiting regions of 
extreme cold (5, 16), eliminates extreme stresses and therefore suggests itself as a 
suitable approach for storage of embryos (2). Fish eggs or embryos are reported 
to survive normally after incubation at reduced temperatures as low as DoC (1, 
9). Attempts to cryopreserve salmonid ova demonstrated the ability of the 
salmonid egg to undergo a modest degree of supercooling, as low as -20°C for 
several hours, and remain fertile (3, 6). At such temperatures, cells and their 
surrounding medium remain unfrozen due to both supercooling and the 
depression of freezing point by the protective solutes that are frequently present 
(10). Our previous studies on cooling zebrafish embryos (18) using controlled 
slow freezing methods showed that ice formation within the egg was the main 
factor affecting the survival of embryos. In this present study the chilling 
sensitivity of different developmental stages of zebra fish embryos and the effect 
of supercooled storage, at sub-zero temperatures without ice formation, were 
investigated. 
MATERIALS AND METHODS 
All cryoprotectants were of the highest available purity. Dimethyl sulphoxide 
(DMSO) (99.5%), propane-l,2-dioI (99.5%) and sucrose (AnalaR) were from 
BDH, Poole, UK. Methanol (ACS reagent) was from Aldrich, Poole, UK. 
Chilling and supercooling experiments were carried out using a low 
temperature bath (Grant L TO 20). Two replicates of 12 to 15 embryos were used 
for each experiment and the experiments were performed twice. Measurement 
uncertainties are given as the standard deviation (n-l), indicated in tables by the 
± values, and in graphs by a bar. 
Chilling sensitivity of zebrafish embryos at zero and sub-zero temperatures 
Embryos were used at developmental stages of 3-,7-, 10-, 15-, 20-, 27-, 34-, 40~, 
45- and 49-hours, after incubation at 26°C. Embryos were held in test tubes 
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containing carbon-filtered and aerated tap water (2 ml, 22°C) and the tubes then 
placed in a pre-cooled low temperature bath at O°C for up to 24 hours. In 
addition, 27-h developmental stage embryos were placed in the low temperature 
bath at O°C and subsequently cooled to _5°C or -10°C at an approximate rate of 
O.6°C/min respectively and held at those temperatures for up to 3 hours. After 
cooling, the tubes containing the embryos were quickly warmed in 25°C water 
then incubated at 26°C for 5 days. Embryo survival, in the absence of ice, was 
evaluated in terms of the percentage that hatched, normalised with respect to the 
corresponding controls at 26°C. 
Effects of cryoprotectants on chilling sensitivity 
Heart beat stage embryos (27-h) were held in wells of tissue culture plates. 
Cryoprotectants were added and removed in a stepwise manner during cooling and 
warming in order to minimise the toxicity and to prevent ice formation in the bulk 
solution. Changes in cryoprotectant were achieved by decanting the bathing solution 
and replacing it with the new cryoprotectant mixture at the required temperature. A 
variety of cryoprotectant mixtures and concentrations were studied. 
Before storage, embryos were exposed (30 min, room temperature _22°C) to the 
indicated cryoprotectant solution made up in carbon-filtered, aerated tap-water. 
Subsequently, the embryos were transferred to test tubes, using a pipette and placed 
in a low temperature bath at O°C where the embryos were allowed to cool. In those 
cases where the cryoprotectant was methanol (2 M) + sucrose (0.05 or 0.1 M) this was 
then replaced with methanol (3 M) and the corresponding concentration of sucrose, 
pre-cooled to O°c. Those embryos which were stored at O°C were held at this 
temperature for up to 48 h. In all other cases, the bath was cooled to the holding 
temperature at a rate of approximately 0.6°C/min .. In those cases where the 
cryoprotectant was methanol (3 M) + sucrose (0.1 M) then this was replaced with 
methanol (4, 5 and 6 M) + sucrose (0.1 M) when the temperature reached -5, -10 and-
15°C, respectively. After cooling and storage at the chosen temperature, the embryos 
were warmed by step-wise transfer into cryoprotectant solutions, in the reverse 
order to the cooling sequence. When the temperature reached O°C, embryos were 
quickly warmed to 25°C in a water bath, washed free of cryoprotectants and 
incubated at 26°C for 5 days. Embryo survival was recorded daily and evaluated in 
terms of percentage hatch. 
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RESULTS 
Chilling sensitivity of zebrafish embryos at zero and sub-zero temperatures 
Chilling of different stages of zebrafish embryos at O°C showed that embryo 
survival decreased as the duration of exposure to low temperature was increased 
(Fig. 1). Early development stages were most sensitive to chilling, 
approximately 50% of embryos at 3-, 7-, 15-,20- and 27-h stages were killed after 
exposure at O°C for 0.2, 4, 14, 16 and 20 h, respectively. No embryos younger 
than the 10-h stage survived 11 h exposure at O°c. Embryo survival substantially 
increased after the 15-h stage, and embryos between 27-h and 40-h were found 
to be least chilling sensitive (Fig. 2). Whilst 27-h embryos appeared to tolerate 
exposure at 0 °C for up to 10 hours without any adverse effect, embryo survival 
was significantly reduced at sub-zero temperatures (Fig. 3). Approximately 50% 
of 27-h stage embryos were killed after 60 min exposure at -SoC and 20 min 
exposure at -10°e, 
Effects of cryoprotectants on chilling sensitivity 
\~ 
~ 
~ 
I 
~ 
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Methanol was a better cryoprotectant than propane-l,2-diol or DMSO. The 
addition of sucrose or trehalose to the media generally enhanced cooling 
tolerance of the embryos. Embryo survival was most improved when methanol 
was supplemented with sucrose (0.1 M) and the optimal methanol concentration 
was 1 M at O°C, Table 1, and 2 M at -SoC, Table 2. The optimal concentration of 
methanol increased as storage temperature was decreased, Table 3. 
DISCUSSION 
Chilling sensitivity of zebraft.sh embryos at zero and sub-zero temperatures 
I 
.1 
I 
This study showed that zebrafish embryos were sensitive to chilling injury. The 
degree of sensitivity was related to the developmental stage of the embryo; early 
development stages (dO-h) were most sensitive to chilling. These findings are 
similar to those obtained by Mazur et al. (11) with Drosophilil embryos, and 
Hagedornet et al. (4) with early developmental stages of dechorionated zebrafish 
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embryos. In the latter study, early stage embryos (1.25- to 4-h) suffered> 90% 
mortality after exposure at DoC for 10-40 min: in contrast 80-100% of similarly 
treated 6- to 10-h embryos developed normally in culture. The present study 
showed that 27- to 40-h developmental stage zebrafish embryos could tolerate 0° 
e for up to 10 hours, and demonstrated that early developmental stages were the 
least suitable for low temperature storage. The embryos of zebrafish appear to be 
more s~nsitive to chilling injury than those of Drosophila, which at the 15-h stage 
could tolerate up to 18 h of exposure to ooe with no ill effects (11). The high 
sensitivity of zebrafish embryos to low temperatures is possibly associated with 
the large amounts of intraembryonic lipids, which Polge et al. (13) suggested to 
be highly sensitive to chilling injury for mammalian embryos. 
Effects oj cryoprotectants on chilling sensitivity 
Methanol was more effective than DMSO or propane-l,2-diol in protecting 
against chilling injury for sub-zero, non-freezing storage of zebrafish embryos. 
Similar results were reported by Harvey et al. (6) on salmonid ova, which 
showed a 48.5% survival after 24 h at -4°C in a medium containing 1% methanol. 
The relative effectiveness of methanol as a cryoprotectant for zebrafish embryos 
at sub-zero temperatures is thought to be due to its rapid penetration of tissues 
(19) and low toxicity (18). When sugars, such as trehalose or sucrose are able to 
penetra~e the tissue their presence is thought to protect plasma membranes and 
cytoplasm. However, in the case of zebrafish, sucrose does not penetrate the 
chorion (19) and any protective effect of these sugars may be due to dehydration 
of the embryos before and during storage as suggested by Renard (15). That 
study of cooling embryos of the Pacific oyster, Crassostrea gigas, also showed the 
combination of methanol and sucrose to reduce cooling injury. 
The present study demonstrates that embryo survival after non-freezing storage 
at sub-zero temperatures decreased with storage time and temperature, and the 
use of this method for successful cryopreservation of zebrafish embryos is 
limited. The loss of viability of intact embryos is probably due to a combination 
of several factors including - chilling injury, toxicity of cryoprotectant capable of 
penetration and osmotic stress. 
&ad 
The inability to achieve sufficient penetration of the vitelline membrane of 
zebrafish embryos by cryoprotectants (7) poses severe problems for long term 
cryopreservation. It has yet to be determined whether or not vitrification can be 
successfully applied to cryopreservation of zebrafish embryos as it has with 
Drosophila embryos (17). The problems of cryoprotectant penetration may need 
to be overcome, pOSSibly by permeabilisation of the vitelline membrane. 
TABLE 1 
Survival of heart beat stage embryos after storage at 0 °C for 24 h 
Cryoprotectant (M) Hatch (%) 
sucrose (0.01) 13.3 ± 10.1 
sucrose (0.05) 16.7 ± 12.5 
sucrose (0.1) 17.6 ± 11.1 
trehalose (0.01) 
trehalose (0.05) 
trehalose (0.1) 
propane-1,2-d iol (0.5) 
propane-1,2-diol (1.0) 
methanol (0.2) 
methanol (0.5) 
methanol (1.0) 
methanol (2.0) 
methanol (0.5) + sucrose (0.05) 
methanol (1.0) + sucrose (0.05) 
methanol (2.0) + sucrose (0.05) 
methanol (3.0) + sucrose (0.05) 
o 
12.5 ± 8.5 
10.5 ± 7.8 
o 
o 
3.6± 1.9 
35.8 ± 7.2 
69.2 ± 8.1 
18.2 ± 10.1 
41.7 ± 8.9 
58.3 ± 11.1 
30.0 ± 9.3 
o 
methanol (0.5) + sucrose (0.1) 69.2 ± 8.2 
methanol (1.0) + sucrose (0.1) 
( 0) e (0 1)methanol 2.· + sucros . . 
81.8 ± 9.2 
41.7± 5.20 
methanol (3.0) + sucrose (OJ) ° d fr m 95 to 100% and averaged 97.8 ± 
Hatch percentage of control at 26 C range 0 
1.9%. 
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TABLE 2 

Low temperature storage of heart beat stage embryos at _5°C 

Medium (M) 

carbon-filtered tap water 

sucrose (0.1) 

sucrose (0.2) 

DMSO (0.5) 

DMSO (1.0) 

DMSO (2.0) 

propane-l,2-diol (0.5) 

propane-l,2-diol (1.0) 

propane-l,2-diol (2.0) 

methanol (0.5) 

methanol (1.0) 

methanol (2.0) 

methanol (1.0) + sucrose (0.1) 

methanol (2.0) + sucrose (0.1) 

methanol (3.0) + sucrose (0.1) 

methanol (4.0) + sucrose (0.1) 

methanol (5.0) + sucrose (0.1) 

Hatch (%) 
3 h storage 24 h storage 
0 * 
11.1±9.3 0 
9.6 ± 	7.1 0 

0 * 

0 * 

0 * 

0 * 

...0 

0 
 * 
8.3± 4.2 	 0 
33.3 ± 12.1 	 0 
95.5 ± 10.1 	 0 
84.0 ± 15.1 	 8.3 ± 5.3 
85.7 ± 9.5 	 28.6± 5.8 
71.9 ± 7.2 	 5.0 ± 5.1 
75.0 ± 6.7 0 
64.7± 9.2 0 
Hatch percentage of control at 26°C was ranged from 94.7 to 100% and averaged 
97.3 ± 2.1%. * not determined. 
TABLE 3 

Embryo survival after storage in methanol + sucrose (0.1 M) 

[Methanol] Storage 
(M) 	 temperature 
(Oe) 
1 0 
0.5, 1,2, 3 0 
3 -10 
5 -15 
4,5,6,8 	 -20 
Storage Hatch 
duration (%) 
(h) 
48 30.2 ± 3.5 
72 0 
6 27.3 ± 12.1 
1 14.3 ±4.2 
1 0 
225 

_. 

& 
REFERENCES 
1. Cloud, J. G., Erdahl, A. L., and Graham, E. F. Survival and continued nOImal 
development of fish embryos after incubation at reduced temperatures. 
Transaction of the American Fisheries Society 117, 503-506 (1988). 
2. Fuku, E., Fisher, P. S., Marcus, G. J., Sasada, H. and Downey, B. R. The effect 
of supercooling on the developmental capacity of mouse embryos. Cryobiology 
29, 428-432 (1992). 
3. Haga, Y. On the subzero temperature preservation of fertilised eggs of 
rainbow trout. Bulletin of the Japanese Society of Scientific Fisheries 48, 1569-1572 
(1982). 
4. Hagedorn, M., Westerfield, M" Wildt, D. E., and RaU, W. F. Preliminary 
studies on the cryobiological properties of dechorionated zebrafish embryos. 
Cryobiology 30, 614 (1993). [Abstract] 
5. Harvey, B., and Ashwood-Smith, M. J. Cryoprotectant penetration and 
supercooling in the eggs of salmonid fishes. Cryobiology 19, 29-40 (1982). 
6. Harvey, B., Stoss, J., and Butchart, W. Supercooled storage of salmonid ova. 
Canadian Technical Report of Fisheries and Aquatic Sciences 1222, (1983). 
7. Harvey, B., Kelley, R. N. and Ashwood-Smith, M. J. (1983). Permeability of 
intact and dechorionated zebrafish embryos to glycerol and dimethyl sulfoxide. 
Cryobiology 20, 432-439. 
8. Lovelock, J. E. The mechanism of the protective action of glycerol against 
haemolysis by freezing and thawing. Biochim. Biophys. Ada 11, 28-36 (1953). 
9. Maddock, B. G. A technique to prolong the incubation period of brown trout 
ova. The Progressive Fish-Culturist 36, 219-222 (1974). 
10. Mazur, P. Freezing of living cells: Mechanisms and implications. Arner, J. 
Physiol. 247C, 125-142 (1984). 
226 
-

11. Mazur, P., Schneider, U., and Mahowald, A. P. Characteristics and kinetics of 
subzero chilling injury in Drosophila embryos. Cryobiology 29,39-68 (1992). 
12. Meryman, H. T., Williams, R. T., and Douglas, M. St. J. Freezing injury from 
'solution effect' and its prevention by natural or artificial cryoprotectant. 
Cryobiology 14,287-302 (1977). 
13. Polge, C., Wilmut, I., and Rowson, 1. E. A. The low temperature preservation 

of cow, sheep, and pig embryos. Cryobiology 11,560 (1974). 

14. RaU, W. F. Advances in the cryopreservation of embryos and prospects for 
application to the conservation of salmonid fishes. In "Genetic Conservation of 
Salmonid Fishes" a. C. Cloud and G. H. Thorgaard, Eds), pp. 137-158. Plenum 
Press, New York, 1993. 
15. Renard, P. Cooling and freezing tolerances in embryos of the pacific oyster, 
Crassosirea gigas: methanol and sucrose effects. Aquaculture 92, 43-57 (1991). 
16. Ring, R. A. Insects and their cells. In "Low temperature preservation in 
medicine and biology", (M. J. Ashwood and J. Farrant, Eds), pp. 187-217. Univ. 
Park Press, Baltimore, 1980. 
17. Steponkus, P. L., Myers, S. P., Lynch, D. V., Gardner, 1., Bronshteyn, V., 
Leibo, S. P., Pitt, R. E., Lin, T. T., and Maclntyre, R. J. Cryopreservation of 
Drosophila melanogaster embryos. Nature 345, 170-172 (1990). 
18. Zhang T., Rawson, D. M" and Morris, G. J. cryopreservation of pre-hatch 
embryos of zebrafish (Brachydanio reria). Aquatic Living Resources 6, 145-153 
(1993). 
19. Zhang, T., and Rawson, D. M. cryoprotectant toxicity and permeability 
studies' on zebrafish (Brachydanio rerio) embryos. Cryobiology 30, 640 (1993). 
[Abstract] 
227 
,. 

Figure legends 
Fig. 1 Survival of 3-, 7-, 10-, 15-, 20-, 27-h stage zebrafish embryos at O°c. 
Embryos were held in a low temperature bath at O°C for up to 24 h. Embryo 
survival was normalised with respect to controls maintained at 26°C, whose 
survival averaged 87.3 ± 9.1% (168 embryos). 
Fig. 2 Survival of 10-, 15-,20.,27-,34-,40-,45- and 49-h stage zebrafish embryos 
at O°c. Embryos were held in a low temperature bath at O°C for 10 (or 11) and 18 
h. Embryo survival was normalised with respect to controls maintained at 26°C, 
whose survival averaged 92.5 ± 5.2% (208 embryos). 
Fig. 3 Survival of heart beat stage embryos (27-h) after storage at -5 and -10°C. 
Embryos were placed in a low temperature bath at O°C, then cooled to -5 or -10° 
C at an approximate rate of 0.6°C/min. Embryo survival (in the absence of ice) 
was normalised with respect to controls maintained at 26°C, whose survival 
averaged 90.3 ± 4.3% (120 embryos). 
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